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Abstract. Solar cell technology is very suitable to be applied to the power generation system. The dynamics of 

the slow solar cells must be compensated through hybridization with batteries and / or super capacitors by a DC-

DC Converter. Solar cells are also very appropriate to be integrated on renewable energy schemes (Renewable 

Energy), such as wind turbines, fuel cells and so forth. In this study will be designed on the feedback control 

method of hybrid solar cells, batteries and super capacitors in which the use of such methods is to regulate the 

output voltage in accordance with the desired bus is 12 volts by using three sources mentioned above, each of 

which possessed different physical dynamics. The design of hybrid control includes hybrid systems modeling 

and design of state feedback control. The results of the control design is tested through simulation and 

implemented in the real system. The simulation results show that the hybrid control design goes well which 

produces a voltage output according to the desired bus is 12 Volts in which overshoot the closed loop system by 

0.6% compared with the closed loop system by 1.0%. 

  

NTRODUCTION 

In the energy and power systems research, solar cell 

needs to be designed so as to generate high power and able to 

deal with high load changes suddenly on the application [1]. 

Meanwhile, solar cell itself has a slow response to rapid load 

changes and the resulting power density is not high enough. For 

that, the solar cell requires other energy sources to improve the 

response. Additional energy source that is currently considered to 

be sufficiently effective to meet the above requirements are super 

capacitors and batteries [2]. 

Several previous studies, we need a state feedback 

control system by designing K using inequality LMI (Linear 

Matrix Inequalities) to regulate the flow of energy between the 

solar cell that acts as a primary energy source and other 

components which both as a source of additional energy.  

Modeling on the solar cell, battery and super capacitor with each 

DC/DC converter is done with hybrid modeling before system 

design state feedback control is done [3], [7]. 

The purpose of this study is to design of state feedback 

control system for a hybrid system solar cell, battery and super 

capacitor and to evaluate of the overall system response to 

requests by the load power is used. 

                                                           
*Corresponding author: Novan Agung Mahardiono 
E-mail: nova001@lipi.go.id   

 

THEORETICAL BACKGROUND 

Methodology to be achieved is the study of literature on 

the modeling of the solar cell, component-power electronics 

components forming a hybrid power system, and the control 

feedback. After that, the modeling of the solar cell, the 

determination of the working mode accompanied by a guard 

equations and design of feedback control results are validated by 

simulation using Simulink/MATLAB based HYSDEL (Hybrid 

System Description Language) [4]. 

Hybrid system is a combined system of continuous and 

discrete system consisting of the interaction between continuous 

dynamics (usually represented by differential equations) and 

discrete dynamics (represented by automata or Petri network). 

Hybrid systems commonly found in a variety of applications, 

especially on devices that use switching and computer algorithms 

in settings. Historically, the term hybrid system was introduced 

in 1966 by Witsenhausen [5]. Witsenhausen were studying 

continuous systems that interact with elements of discrete relay. 

The system that studied by Witsenhausen is a special case of the 

hybrid system in general. The method of analysis and control 

methods in general hybrid systems emerging in the early 80s who 

pioneered the science community and system control and  
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computer science community who need a new framework in analyzing complex systems. 
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Fig. 1. Topology hybrid system solar cell/battery/super capacitor. 

Figure 1 shows the overall topology of the hybrid 

system in which each component of the energy storage (batteries 

and super capacitors) has a DC/DC converter 2 quadrants and 

DC/DC boost converter for solar cell. The voltage on the solar 

cell, battery, super capacitors and load currents along each 

converter was installed so that the current and voltage sensors 

can be identified by the equation Guard which will be explained 

in section III that the Guard equation determines the mode 

controller should work[6], [8]. The controller will generate a duty 

cycle signal u for each converter. Because topology applied is 

parallel, then the sum of the output current of the third converter 

will supply the power required by the load. While the bus voltage 

equal to the output voltage of each converter. Equivalent circuit 

Solar cells, batteries and super capacitors represent the electrical 

circuit model that describes the dynamic behavior of cells, in the 

viewpoint of the electrical terminals with the following models:  

�̇� = −487.188𝑥 + 4.325 𝑢     (1) 

𝑦 = −11𝑥 +  0.0654 𝑢     (2) 

 

                            
 

Fig. 2. Equivalent circuit solar cell    Fig. 3. Equivalent circuit batterie

Schematic of battery equivalent circuit shown in Figure 3 with 

the following models: 

𝐸0 − 𝐼𝐵𝑅0 − 𝑉𝑐 − 𝑉𝐵 = 0     (3) 

𝑉𝑐 =
1

𝐶
𝐼𝐵 −

1

𝑅1𝐶1
𝑉𝑐

̇
     (4) 

While the equivalent circuit super capacitor as follows: 

 



76                                                   Sugiyatno, I. Djunaedi and N. A.  Mahardiono - Modelling and ….                                       2015 

 

 
 
 

Fig. 4. Equivalent circuit of super capacitor 

Working mode of hybrid system fuel cell, battery and 

supercapacitor stated in the following table. 

 

 

TABLE 1 

REPRESENTATION OF WORKING MODE HYBRID SYSTEM

Mode 

Switching Kondisi 

  

S1 SC S1 bat S2 

bat 

S1 

SC 

S2 

SC 

Charg

e 

bat 

Discharge 

bat 

Charge 

SC 

Discharge 

SC 1 0 0 1 0 1  D C  

2 0 1 0 1 0  D C  

3 0 1 0 0 1  D C  

4 0 0 1 1 0  D C  

5 0 0 1 0 1 C   D 

6 0 1 0 1 0 C   D 

7 0 1 0 0 1 C   D 

8 0 0 1 1 0 C   D 

9 1 0 1 0 1  D C  

10 1 1 0 1 0  D C  

11 1 1 0 0 1  D C  

12 1 0 1 1 0  D C  

13 1 0 1 0 1 C   D 

14 1 1 0 1 0 C   D 

15 1 1 0 0 1 C   D 

16 1 0 1 1 0 C   D 

17 0 0 1 0 1 C  C  

18 0 1 0 1 0 C  C  

19 0 1 0 0 1 C  C  

20 0 0 1 1 0 C  C  

21 0 0 1 0 1  D  D 

22 0 1 0 1 0  D  D 

23 0 1 0 0 1  D  D 

24 0 0 1 1 0  D  D 

25 1 0 1 0 1 C  C  

26 1 1 0 1 0 C  C  

27 1 1 0 0 1 C  C  

28 1 0 1 1 0 C  C  

29 1 0 1 0 1  D  D 

30 1 1 0 1 0  D  D 

31 1 1 0 0 1  D  D 

32 1 0 1 1 0  D  D 

 

The equivalent circuit in mode 1 is described as follows 

2

-SC

1

+SC
ESR

EPR || C
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Fig. 5. Equivalent circuit mode 1 

The state space equation as follows  

𝐴1 =

[
 
 
 
 
 
 
 
 
 
 
 
𝐴𝑆𝐶 𝐵𝑆𝐶 0 0 0 0 0
𝐶𝑆𝐶

𝐿

𝐷𝑆𝐶−𝑟𝐿

𝐿
−

𝑟𝐿𝑟𝑐

(𝑟𝐿+𝑟𝑐)𝐿
0 0 0 0 −

𝑟𝑐

(𝑟𝐿+𝑟𝑐)𝐿

0 0 −
1

𝑅𝑝𝐶

1

𝐶𝑏𝑎𝑡
0 0 0

0 0
1

𝐿

−𝑅𝑠−𝑟𝐿

𝐿
−

𝑟𝐿𝑟𝑐

(𝑟𝐿+𝑟𝑐)𝐿
0 0 0

0 0 0 0
1

𝑅𝑝𝐶
−

1

𝐶𝑠𝑐
0

0 0 0 0
1

𝐿

−𝑅𝑠−𝑟𝐿

𝐿
−

𝑟𝐿𝑟𝑐

(𝑟𝐿+𝑟𝑐)𝐿
0

0
1

𝐶
−

𝑟𝑐

(𝑅+𝑟𝑐)𝐶
0 −

𝑟𝑐

(𝑅+𝑟𝑐)𝐶
0

𝑟𝑐

(𝑅+𝑟𝑐)𝐶
−

1

(𝑅+𝑟𝑐)𝐶 ]
 
 
 
 
 
 
 
 
 
 
 

, (5)  

 

𝐵1 =

[
 
 
 
 
 
 
 
0 0 0
𝐶𝑆𝐶

𝐿
0 0

0 0 0

0
1

𝐿
0

0 0 0

0 0
1

𝐿

0 0 0]
 
 
 
 
 
 
 

, 𝐶1 =

[
 
 
 
 
 
 
1 0 0 0 0 0 0
0 1 0 0 0 0 0
0 0 1 0 0 0 0
0 0 0 1 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 1]

 
 
 
 
 
 

        (6)

and derived by equation modeling 

𝑖𝐿𝑆𝐶 = 𝑖𝑙𝑜𝑎𝑑+ 𝑖𝑏𝑢𝑠     (7) 

𝑉𝑆𝐶 = 𝑉𝐿 + 𝑉𝑟𝐿 + 𝑉𝑟𝑏𝑢𝑠 + 𝑉𝑐𝑏𝑢𝑠     (8) 

𝑖𝑏𝑢𝑠 = −𝑖𝑙𝑜𝑎𝑑     (9) 

𝑉𝑏𝑎𝑡 = 𝑉𝐶 + 𝑉𝐿 + 𝑉𝑟𝐿     (10) 

𝑖𝑏𝑢𝑠 = 𝑖𝑙𝑜𝑎𝑑     (11) 

𝑉𝑠𝑐 = 𝑉𝐿 + 𝑉𝑟𝐿     (12) 

Thus obtained 7 states of x(t) with 3 inputs of  u(t) 

𝑥(𝑡) = [𝑉𝐶𝑆𝐶(𝑡)𝑖𝐿𝐹𝐶(𝑡)𝑉𝐶𝑏𝑎𝑡(𝑡)𝑖𝐿𝑏𝑎𝑡(𝑡)𝑉𝐶𝑠𝑐(𝑡)𝑖𝐿𝑠𝑐(𝑡)𝑉𝑏𝑢𝑠]
𝑇     

(13) 

𝑢(𝑡) = [𝑉𝑢𝑆𝐶𝑉𝑢𝑏𝑎𝑡𝑉𝑢𝑠𝑐]
𝑇     (14) 

Are having regard to Table 1 is based on the work system 

switching DC/DC converter that happens and it will obtain the 

equivalent circuits in 31 different mode. 

 

DESIGN OF FEEDBACK CONTROL 

The design of feedback control is to find K (Gain) were 

stable through quadratic Lyapunov Function. Based on Lyapunov 

theory presented, the stability asimptotic PWA (Piecewise 

Affine) discrete-time systems can be checked through a quadratic 

Lyapunov function (Piecewise Quadratic Stability/PWQ 

Lyapunov) [9,11].  

 

𝑉(𝑥) = 𝑥𝑇𝑃𝑖𝑥  ∀𝑥 ∈ 𝒳𝑖     (14) 

Relates to conditions that must be met in order for the system is 

stable asymptotic 

iL

rLL rc

C

rL L
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D

S
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   C
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𝐴𝑗
𝑇𝑃𝐴𝑗 − 𝑃 < 0     (15) 

𝑃 > 0, ∀𝑖∈ 𝐼     (16) 

Where, I = {1, ..., n} is the set of states of cells (region) are 

formed.  

To achieve stability in a design of the control of piecewise linear 

feedback control is expressed as follows 

𝑢𝑘 = 𝐾𝑖𝑥𝑘   ∀𝑥𝑘 ∈ 𝒳𝑖     (17) 

Based on the topology in Figure 1 Guard obtained 

equation that represents the limits of the actual conditions in each 

mode so that the mode transition to another mode [10]. 

Having regard to the condition of the state, the equation Guard in 

mode 1 can be written as follow 

𝐺(𝑚, 1) =

{
  
 

  
 

[
 
 
 
 
 
 
𝑥1
𝑥2
𝑥3
𝑥4
𝑥5
𝑥6
𝑥7]
 
 
 
 
 
 

: 𝑥1 ≥ 5 𝑉 ∧ 𝑥2 ≥ 0 ∧ 𝑥3 ≥ 6 𝑉 ∧ 𝑥4 ≥ 0 ∧ 𝑥5 ≤ 7.5 𝑉 ∧ 𝑥7 ≤ 12 𝑉

}
  
 

  
 

(18)

   

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

 
 

And the first mode transition toward 31 different modes 

and vice versa. The transition occurs due to the condition of 

different modes.  

 

SIMULATION 

Open-loop simulation is shown in Figure 6 where the 

second 1-50, DC-DC converter at each voltage source is the 

condition that turns continuously switches and bus voltage is at 

less than the desired voltage 12 V when the conditions on the 

mode voltage bus is reduced occurs. However, there is a fairly 

common overshoot and output ripple voltage plant showed. 

Largest overshoot is 1.0 % occurred in the 14-18 second range in 

which it occurs when the mode with the condition of the bus 

voltage is greater 12 V. The bus voltage ripple occurs in the 

range of 5-15 seconds which shows the bus voltage drop during 

the process of charging the battery and super capacitors. In the 

18-20 second range and the range of 40-45 seconds in the bus 

voltage is 12 V battery and super capacitor voltage which 

exceeds the nominal voltage of the solar cell so that it can help to 

supply the load. 

 

 

 
Fig. 6. Simulation of open loop 

 

While the close loop simulation done by adding state 

feedback controllers computed into HYSDEL at the DA by 

substituting u(k) = K ix(k) in the equation x (k + 1) = Aix(k) + 

Bi u (k),so the output of the system is obtained as in Figure 7 

below. 
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The simulation results illustrate that the system 

output is better though still often overshooting large enough, 

the bus voltage ripple that occurs can be minimized so little 

value mainly in the range of 5-25 seconds. Fairly large 

overshoot of about 0.6% occurred in the range of 30-45 

seconds in addition there is also a bus voltage ripple is small 

enough compared to the simulation of the plant without the 

controller. In the 40-45 second range, there is no overshoot and 

a large bus voltage ripple. 

 

Fig. 7. Simulation close loop 

 

CONCLUSION AND RECOMMENDATIONS 

It can be concluded in this study are as follows: a 

hybrid energy source can be constructed from fuel cells with 

energy storage, ie batteries and super capacitors. State 

feedback control can be used keeping the bus voltage remains 

stable at the reference voltage. The simulation results obtained 

is that the design using state feedback controller generates an  

output voltage ripple of the system that are not so great that the 

overshoot of 0.6% compared with no state feedback controller 

and a small bus voltage ripple. Hybrid modeling combined 

with MLD and PWA models can exhibit discontinuous 

working modes that occur when there is movement of the 

working mode. This can be seen from the simulation results 

that show the change every time the bus voltage switches and 

voltage condition of each source is changed. 

While the suggestion of this study to control the 

implementation process in real time, can be a great setting the 

gain to get better results. For implementation, necessary to 

design an observer at each voltage source capacitance. Need to 

optimize the control i (current) -v (voltage) by using the 

method of designing the control of Maximum Power Point 

Tracking. 

For further development of the combined hybrid 

feedback controller state can be directed to other methods of 

control systems such as Robust Control and Optimal Control. 

 

Declaration of Conflicting Interests 

There are no conflicts of interest present.   

Acknowledgement 

The authors would like to thank Research Centre for 

Physics, Indonesian Institute of Sciences for the opportunity to 

conduct this research and experiments. We are very grateful 

with the facilities, including financial, support staff and other 

infrastructures so that this study can be conducted successfully. 

We would also like to thank other people who have helped and 

involved in this work since the beginning. 

 

 

 

REFERENCES 

 

[1] N. Mezzai, D. Rekioua, T. Rekioua, A. Mohammedi, K. Idjdarane and S. Bacha, “Modeling of hybrid photovoltaic/wind/fuel  

cells power system,” Int. J. Hydrogen Energy, vol. 39, no. 27, pp. 15158-15168, 2014. 

[2] H. Yang, Y. Zheng and W. Xiaofeng, “Modelling of Hybrid Energy Systems for Autonomous Application,” Int. J. Adv 

Robotic System, vol. 10, no. 356, pp. 1-6, 2013.   



80                                                   Sugiyatno, I. Djunaedi and N. A.  Mahardiono - Modelling and ….                                       2015 

 

 
 
 

[3] J. M. Andujar, F. Segura and M.J. DanVasallo, “A suitable model plant for control of the set fuel cell-DC/DC converter,” 

Renewable Energy, vol. 33, no. 4, pp. 813-826, 2008. 

[4] F. D. Torrisi and A. Bemporad, “HYSDEL-a tool for generating computational hybrid models for analysis and synthesis 

problems,” Control Systems Technology, IEEE Transactions on, vol. 12, no. 2, pp. 235-249, 2004. 

[5] H. S. Witsenhausen, “A class of hybrid-state continuous-time dynamic systems. Automatic Control,” IEEE Transactions on,  

vol. 11, no. 2, pp. 161-167, 1966. 

[6] R. Alur, C. Courcoubetis, T.A. Henzinger and  P.H. Ho, “Hybrid automata: an algorithmic approach to the specification and  

verification of hybrid systems,” New York: Springer-Verlag, 1993, pp. 209-229.   

[7]  M. S. Branicky, V. S. Borkar and S. K. Mitter, “A unified framework for hybrid control: Model and optimal control 

theory,” Automatic Control, IEEE Transactions on, vol. 43, no. 1, pp. 31-45, 1998. 

[8] A. Hajizadeh and  M. A. Golkar, “Intelligent power management strategy of hybrid distributed generation system,” 

International Journal of Electrical Power & Energy System, vol. 29, no. 10, pp. 783–795, 2007. 

[9] D.Mignone, F. T. Giancarlo, M. Manfred, “Stability and stabilization of piecewise affine and hybrid systems: an LMI 

approach,” In Decision and Control, Proceedings of the 39th IEEE Conference on vol. 1, pp. 504-509, 2000. 

[10] G. Ferrari-Trecate, F.A. Cuzzola, D. Mignone and M. Morari, “Analysis of discrete-time piecewise affine and hybrid 

systems,” Automatica, vol. 38, no. 12, pp. 2139-2146, 2002. 

[11] M. D. Bernardo, U. Montanaro, J. M. Olm, and S. Santini, “Model reference adaptive control of discrete‐time piecewise linear 

systems”, International Journal of Robust and Nonlinear Control, vol. 23, no. 7, pp.709-730, 2013. 

 

 

— This article does not have any appendix. — 

 

 

 

 

 

   

 




