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Abstract— Solving constrained optimal control problems of 

linear switched systems requires two main steps: determining the 

optimal control and finding optimal switching instants that 

minimize a well-defined functional cost. In this contest, this 

paper suggests a hybrid approach based on two main methods: 

Ant Colony Optimization (ACO) and Pontryagin Maximum 

Principle (PMP). This latter is associated to the Lagrange 

method in order to guarantee that the system respects the 

constraints imposed on it. To illustrate the proposed approach, a 

numerical example is provided by the end of this paper.  
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I. INTRODUCTION 

Optimal control is one of the most important areas of 

extreme value theory. It has great practical applications in 

various fields of human activity [1] and in particular for 

switched systems. These latter, representing a particular class 

of hybrid systems, consist of a finite set of continuous 

subsystems with a switching law defining the active one at 

each time instant [2]–[5]. They make part of different real 

processes like chemical processes, flexible manufacturing 

systems, automotive industry, aircraft and air traffic control, 

large-scale power systems, computer controlled systems and 

communication networks [6]–[11]. 

The optimal control of switched systems has been an 

intriguing subject of study for researchers [7]–[13]. Its 

complexity consists in the necessity of determining not only 

the optimal input but also the optimal switching instants from 

a subsystem to another. However, the real aspect of the 

switched systems often requires to bear in mind the existence 

of constraints on the system, and one needs to strictly respect 

them while solving this kind of problems [14]–[18]. 

This paper suggests a hybrid approach to solve the optimal 

control problem of switched linear systems with pure state 

constraints in finite time horizon. In this approach, the 

problem is divided into two parts. In the first one, a 

conventional method based on PMP associated with the 

Lagrange method is used to determine an optimal control law. 

Satisfying the Karush-Kuhn-Tucker conditions (KKT) in this 

method insures the feasibility and the respect of the 

constraints put on the system. On the other hand, a 

metaheuristic is used to find the optimal switching instants 

that guarantee the minimization of a well-defined performance 

criterion. The advantage of this hybrid approach is boosting 

the convergence of the functional cost to a global optimum. 

By the end of the article, a numerical example is given to 

illustrate the effectiveness of the suggested approach. 

 

II. PROBLEM FORMULATION 

A. Optimal control 

Switched linear systems are described by a finite number   

of subsystems as follow: 

            (1) 

where: 

               (2) 

The switch from a subsystem to another is orchestrated by a 

switching sequence in           defined by: 

  

                                         (3) 

At instant   , the system switches from subsystem      to    

which is active during the time interval          . Note that 

               and                  for 

         . 

The resolution of a state constrained optimal control 

problem of such systems consists in minimizing a defined 

performance criterion  : 

   
 

 
     

 
                   

          
 

 
          

 

 
             

  
  

 (4) 

while respecting the state constraints: 

        (5) 

        (6) 

Vectors                     
 

and      

               
 

 represent respectively the   inequalities 

and the   equalities linear state constraints in the finite time 

interval        . 
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The initial state is          and   ,   ,   ,  ,  ,  ,  ,   

and  are matrixes with appropriate dimensions.   ,     

and    . 

 To minimize the functional cost given by (4), two steps are 
needed: to determine the optimal control law assuring the 
respect of constraints mentioned in (5) and (6), then to find the 
optimal switching instants from a subsystem to another. 

 For the first part of the problem, we start by constructing 
the Lagrangian: 

       
 

 
     

 

 
     

 

 
             

          (7) 

where             and             are the Lagrange 

multipliers satisfying the Karush-Kuhn-Tucker conditions. 

 

KKT conditions: 

Suppose that functions  and   are continuous on   and 

differentiable at   . If    is a local extreme, then there exist 

nonzero vectors of Langrange multipliers             and 

            such that [1],[17]: 

 

                    (8) 

                      
     (9) 

                      
     (10) 

   
     

     (11) 

      (12) 

         and          

 

Next, we construct the augmented Hamiltonian [16] 

   
 

 
          

 

 
             

                                               (13) 

From the last equation, we write the state, the costate 

equations and the stationary condition for each active 

subsystem: 

 
   

  
    (14) 

  
   

  
    (15) 

 
   

  
   (16) 

 

 

B. Ant Colony switching instants Optimization 

Ant Colony Optimization (ACO) is one of the most famous 

methods through biologically inspired heuristics. The first 

ACO algorithms were introduced in the early 1990’s by 

Marco Dorigo and colleagues [19]-[21]. The fundamental 

thought of ACO is to imitate the cooperative behaviour of ant 

colonies [22]. 

Ants, while collecting food, always start by searching around 

their nest randomly. When an ant finds food, it takes it back to 

the nest and leaves, along its path, pheromone. This latter 

guides other ants to the source of the food, and its quantity 

depends on the quantity and quality of the food. Accordingly, 

pheromone represents an indirect way of communication 

between ants and it helps them find shortcuts between their 

nest and food sources. The artificial ant colonies are, thus, 

created after the real ones [23]. 

An ACO algorithm is based on the following equations: 

 Pheromone update’s equation 

                   
  

    (17) 

 Probability of going to node   

    
  

   
     

 

    
   

  
 

   

 (18) 

 Heuristic information 

     
 

   
 (19) 

 

where: 

 : evaporation rate  : node not yet visited by any 

ant 

    
 : quantity of pheromone 

laid on edge joining nodes   
and   by ant   

  and   : parameters 

controlling the relative 

importance of the pheromone 

 : number of ants  

 

To optimize switching instants for a constrained linear 

switched system optimal control, some conditions should be 

considered [24]: 

- each path is composed by    nodes 

- each node represents a switching instant 

- the length of the path made an ant     represents the 

cost of the distance between nodes   and   

- probability    
  depends only on the pheromone 

quantity deposited between nodes   and  . 
 

When the optimal control problem is solved (part (A)), the 

algorithm of hybrid approach evaluates within the search 

space         each tour of ant formed by    nodes. It then 

finds the best tour corresponding to minimal cost for the edge 

nodes with high probability. Then, it updates the search space 

limited by the value of nodes found, and repeats again the 

assessment of the tours. Finally, the best sequence 

corresponding to minimal cost is returned by the algorithm. 

III. NUMERICAL EXAMPLE 

Consider a linear switched system consisting of two 

subsystems [14],[16],[25] – [27]: 

 

 Subsystem 1: 

             
      
      

    
 
 
   (20) 

 

 Subsystem 2: 

             
  

   
    

 
  

   (21) 

 

Subject to the state constraint: 

        (22) 
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Fixing the initial time       and the final time      , 

the system switches from subsystem 1 to subsystem 2 at      

          . Solving the constrained optimal control 

problem consists in finding the optimal switching instant    

that assures the minimization of the criterion  . 
 

  
 

 
                          

                           
 

 
                     

  
  

 (23) 

 

The initial conditions are         and        . 

 

Using equation (7), we construct the Lagrangian: 

 

 
 

 
                        (24) 

 

 

The Lagrange multiplier       is obtained by applying 

the KKT conditions in (8–12). So, the augmented Hamiltonian 

is: 

 for             

   
 

 
                 

  

  
           

                                         (25) 

 

 for           

   
 

 
                 

  

  
           

                                         (26) 

 

After resolving the first stage of the problem, we search 

the optimal switching system using the ACO algorithm and 

numerical parameters of this latter are initialized:  

- Number of ants     ;  

- Proposed number of nodes for each switching 

sequences       ; 

-     ; 

-        . 

 

The optimal switching instant obtained is             

and the corresponding optimal cost is            . Figures 

1, 2 and 3 show the evolution of the state and control with and 

without constraint.  

 

 

Fig. 1    evolution under and without constraint   

 

Fig. 2     evolution under and without constraint   

 

Fig. 2    evolution under and without constraint   

 

By applying ACO based hybrid approach to solve the 

constrained optimal control of this linear switched system, the 

state    respects the (22) by remaining under the value 1.5. On 

the other hand, this constraint is never without an influence on 

the state    and the signal input   as shown in the figures Fig. 

2 and Fig. 3. However, obeying the constraint implies an 

elevation in the functional cost. In fact, the system cost rises 

from          without constraints to reach the value 

            under constraints. 

IV. CONCLUSIONS 

The use of hybrid approaches in the solving the problems 

of constrained optimal control of switched systems has been 

rising during the last years. In fact, this article proposes an 
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approach composed of a conventional method (PMP) and a 

metaheuristic one (ACO) to determine the optimal switching 

instants while respecting the constraints imposed on the 

system. The main advantage of this approach is to never stop 

at a local optimum in order to converge to a global optimum. 

However, it would be more interesting to use this approach  

on a more general scale by applying it on nonlinear switched 

system while respecting mixed constraints on the state and the 

control. 

REFERENCES 

[1] M. Bohner, K. Kenzhebaev, O. Lavrova and O. Stanzhytskyi, 

“Pontryagin’s maximum principle for dynamic systems on time scales”, 
Jounal of Difference Equations and Applications, DOI: 

10.1080/10236198.2017.1284829, 2017. 

[2] B. Stellato, S. Ober-Bl¨obaum and P. J. Goulart, “Second-Order 
Switching Time Optimization for Switched Dynamical Systems”, IEEE 

Transactions on Automatic Control, DOI: 

10.1109/TAC.2017.2697681, 2017. 

[3] F. Zhu and P. J. Antsaklis, “Optimal control of hybrid switched 

systems: A brief survey,” Discrete Event Dynamic Systems, vol. 25, no. 

3, pp. 345–364, May 2014. 
[4] B. Stellato, S. Ober-Blöbaum and P. J. Goulart, “Optimal Control of 

Switching Times in Switched Linear Systems”, IEEE 55th 

Conferenceon Decision and Control, Transactions on Automatic 
Control, DOI: 10.1109/TAC.2017.2697681, 2016. 

[5] X. Wu, K. Zhang and M. Cheng, “Computational method for optimal 

control of switched systems with input and state constraints”, 
Nonlinear Analysis: Hybrid Systems, vol. 26, pp. 1–18, November 

2017. 

[6] AS. Morse, Control using logic-based switching. Springer, 

London, 1997. 

[7] P. Varaiya, “Smart cars on smart roads: problems of control”, 

IEEE Trans Autom Control, vol. 38, no. 2, pp. 195–207, 1993. 

[8] N.H. El-Farra and P.D. Christofides, “Coordinating feedback and 

switching for control of spatially distributed processes”, Comput 

Chem Eng, vol. 28, no. 1, pp. 111–128, 2004. 

[9] R. Shorten, F. Wirth, O. Mason, K. Wulf and C. King, “Stability 

criteria for switched and hybrid systems”, SIAM Rev, vol. 49, no. 

4, pp. 545–592, 2007. 
[10] D. Liberzon, Switching in systems and control, Boston, MA: 

Birkhauser, 2003. 

[11] Z. Sun and S.S. Ge, Switched linear systems: Control and design, 
London,  Springer, 2005. 

[12] X. Xu and P. J. Antsaklis, “An Optimal Control of Switching Systems 

Based on Parameterization of the Switching Instants”, IEEE 
Transaction Automatic Control, Vol. 49, No.1, pp. 2–16, 2004. 

[13] A. A. Kahloul,M. Kermani and A. Sakly, “ Optimal control of switched 

based on continuous Hopfield Neural Network”, International Review 
of Automatic Control, vol 7, No.5, 506–516, 2014. 

[14] A. A. Kahloul, N. Majdoub, A. Sakly and F. M’sahly, “Optimization of 

Autonomous Switched Systems with State Constraints based on PSO”, 

13th International conference on Sciences and Techniques of 

Automatic control & computer engineering, STA’2012, Monastir, 
Tunisia, December 17-19, pp. 1374–1385, 2012. 

[15] X. Xu and P. J. Antsaklis, “On time optimal control of integrator 

switched systems with state constraints”, Nonlinear Analysis, vol. 62, 

pp. 1453-1465, 2005. 
[16] A. A. Kahloul, N. Majdoub and A. Sakly, “PSO-based Optimal Control 

of Linear Switched Systems with Pure Inequality State Constraints”. In 

2nd International Conference on Automation, Control, Engineering and 
Computer Science (ACECS), Proceedings of Engineering & 

Technology (PET), pp. 37–42, 2015. 

[17] A. A. Kahloul and A. Sakly, “Constrained parameterized optimal 

control of switched systems based on continuous Hopfield neural 

networks”, International Journal of Dynamics and Control, vol. 4, 

No. 3, pp. 1–8, 2016. 

[18] R. Vasudevan, H. Gonzalez‡ , R. Bajcsy, and S. S. Sastry, “ Consistent 

Approximations for The Optimal Control of Constrained Switched 

Systems-Part 1: A Conceptual Algorithm”, SIAM J. Control Optim., 
vol. 51, No. 6, pp. 4463–4483, 2013. 

[19] M. Dorigo, “Optimization, learning and natural algorithms”, Ph.D. 

Thesis, Politecnico di Milano, Italy; 1992. 
[20] C. Blum, “Ant colony optimization: Introduction and recent trends”, 

Physics of Live Reviews, vol.2, pp. 353–373, 2005. 

[21] M. Dorigo and G. D. Caro, “Ant colony optimization: A new 
metaheuristic,” in Proceedings of the 1999 Congress on Evolutionary 

Computation, 1999. 

[22] M. D. Toskari, “A hybrid algorithm of Ant Colony Optimization 
(ACO) and Iterated Local Search (ILS) for estimating electricity 

domestic consumption: Case of Turkey”, Electrical Power and 

EnergySystems, vol. 78, pp. 776–782, 2016. 
[23] N. Majdoub, A. Sakly and M. Benrejeb, “ACO-based Optimization of 

Switching Instants for Nonlinear Switched Systems”, Information 

Sciences and Computer Engineering, vol. 2, No. 1, pp. 30–34, 2011. 
[24] N. Majdoub, A. Sakly, M. Sakly and M. Benrejeb, “Ant Colony-Based 

Optimization of Switching Instants for Autonomous Switched 
Systems”, International Review of Automatic Control (I.RE.A.CO.), vol. 

3, No. 1, 2010. 

[25] R. Zhao and S. Li, “Switched System Optimal Control Based on 
Parameterizations of the Control Vectorsand Switching Instants”, Proc. 

Chinese Control and Decision Conference, pp. 3290-3294, 2011.  

[26] M. Sakly, A. Sakly, N. Majdoub and M. Benrejeb, “Optimal Switching 

Instants of Linear Switched Systems Based on Meta-heuristic 

Approaches”, International Journal of Intelligent Control and Systems, 

vol. 16, No.1, pp.8-18, 2011. 
[27] F. Ghomanjani and M. H. Farahi, “Optimal Control of Switched 

Systems based on Bezier Control Points”, International Journal of 

Intelligent Systems and Applications,vol.  7, pp. 16-22 , 2012. 
 

 

 
 

 

 
 

 

 
 

 

 

admin
Texte tapé à la machine
Copyright IPCO-2017ISSN 2356-5608

admin
Texte tapé à la machine
5 th International Conference on Control & Signal Processing (CSP-2017)Proceeding of Engineering and Technology –PETVol.25 pp.89-92




