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Abstract—Switched systems have numerous applications in 

control of real systems as mechanical systems, automotive 

industry, aircraft and air traffic control, switching power 

converters, and many other fields. Optimal control 

problems of  switching systems  require the decision of both 

the optimal solutions and switching sequences. The 

stochastic optimal control problem of linear switching 

systems with quadratic cost function is investigated. The 

contribution of this paper is to present a necessary and 

sufficient condition of optimality for considered switching 

systems. 
 

Index Terms—condition of optimality, quadratic function, 

optimal control, switching system 

 

I. INTRODUCTION 

The optimal control problem for linear systems was 

solved, as well as the filtering one, in 1960s by Kalman 

[1], but  there exist a lot of  invariant and non-invariant 

linear systems with still open optimal control problem. 

There has been an enormously rich theory on LQ control, 

deterministic and stochastic alike (see [2]-[9]). 

For the deterministic Riccati equation was essentially 

solved by Wonham [10] by applying Bellman’s principle 

of quasilinearizatin (see [11]). 

Bismut [12] performed a detailed analysis for 

stochastic LQ control with random coefficients. But 

associated  Riccati equation in this case is a highly 

nonlinear backward stochastic differential equations. The 

existence and uniqueness of solution for such class of 

equations was investigated in [12].  Switching systems 

consist of several subsystems and a switching law 

indicating the active subsystem at each time instantly. For 

general theory of stochastic switching systems it is 

referred  to [13] . Theoretical results  and applications of  

stochastic switching systems were developed in [14]-[18]. 

Deterministic and  stochastic optimal control problems of 

switching systems are actual at present [19]-[22].  

This article is concerned with optimal control problem 

of stochastic linear  switching systems with quadratic cost 

functional.  

The rest of paper is organized as follows. The next 

section formulates the main problem, presents some 

concepts and assumptions. The necessary and sufficient 
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condition of optimality for stochastic linear  switching 

systems is obtained in section III.  In section IV, the 

unique optimal control is derived in terms of state 

feedback via the solution of Riccati equation. The paper 

is concluded in section V with some possible 

developments and enlargements. 

II. NOTATIONS AND PROBLEM FORMULATION  

In this section we fix notation and  definition used 

throughout this paper. Let N be some positive 

constant,
nR  denotes  the n - dimensional  real vector 

space, .  denotes the Euclidean norm and ,  denotes 

scalar product in 
nR .  E represents expectation ; the set 

of integer numbers 1,…,s is denoted by s,1 ; ' (the prime) 

denotes derivative; * is the matrix transposition operation.  

Let s

ttt www ,...,, 21 are independent Wiener processes, 

which generate filtrations sltttwF ll

l

q

l

t ,1),,( 1   ; 

slPF l ,1),,,(   be a probability spaces with 

corresponding filtrations    ,, 1 ll

l

t tttF  .  n

F
RbaL l ;,2

 

denotes  the space of all predictable processes  

    txtx ,  such that:   

b

a

t dtxE
2

 . 
nmR 

 is 

the space of all linear transformations from 
mR  to 

nR .   

Let ll m

l

n

l RQRO  ,  be open sets;  T,0  be a 

finite interval and  Tttt s  ...0 10
. Following 

notation is used unless specified otherwise: 

 sttt ,...,, 10t ,  suuu ,...,, 21u ,  sxxx ,...,, 21x . 

Consider following linear controlled system with variable 

structure: 
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where rlU l ,1,   are non-empty bounded sets. The 

elements of 
lU   are called the admissible controls. The 

problem is concluded to find the optimal solution  

 ss uuuxxx ,...,,,,...,, 2121  and  the switching sequence 

sttt ,...,, 21
 which  minimize the cost functional : 
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Elements of matrices  llllll NMCBA ,,,,,  and 

vectors slK l ,1,  are continuous, bounded 

functions. G , slN l ,1,   are a positively semi-defined 

matrices , and  slN l ,1,   are a positively defined 

matrices.  

Let  sUUUU  ...21 , and  consider the sets 
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Definition 1. The set of functions   ,, lll

t txx   

  slttt ll ,1,,1  
 is said to be a solution of the equation 

(1) with variable structure which correspond to an 

element s

s  , if the function l

l

t Ox   satisfies the 

conditions (2), while on the interval  ll tt ,1
 it is 

absolutely continuous a.c. (almost certainly) and satisfies 

the equation (1) a.e.(almost everywhere). 

Definition 2. The element s

s A  is said to be 

admissible if the pairs     sltttux ll

l

t

l

t ,1,,,, 1  
   are 

the solutions of system (1)-(3).  
0

sA indicates the set of admissible elements. 

Definition 3.  The element 
0~
s

s A , is said to be an 

optimal solution of problem (1)-(4) if  there exist  

admissible controls    sltttu ll

l

t ,...1,,,~
1  

 and  

corresponding solutions of system (1)-(2) such that   

pairs   slux l

t

l

t ,1,~,~    minimize the functional (4). 

III. OPTIMAL CONTROL PROBLEM 

Necessary and sufficient conditions satisfied by an 

optimal solution , play an important role for analysis  of 

control problems. In this section optimality condition for 

stochastic control problem of linear switching systems is 

obtained. 

Theorem. The necessary and sufficient conditions for 

an element ),...,,,...,,,..,( 11

0

ss

ttr

s uuxxtt  to be an optimal 

solution of problem (1)-(4) if and only if  : 

a) there exist random processes 
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the solutions of the following adjoint equations: 
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b) the candidate optimal controls  
l

tu  are defined by:   
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c) the transversality conditions  

      1,1,0)( ''1  slKx l

t

l

t

l

t
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t llll
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hold. 

Proof.   Let  
l

tu  and 
l

tu , sl ,1  be some admissible 

controls; call the vectors 
l

t

l

t

l

t uuu  be an admissible 

increments of the controls
l

tu . By (1)-(2), the trajectories 

l

t

l

t xx , , sl ,1   correspond to the controls 
l

t

l

t uu , . 

Consider two sequence laws  Tttt s ,...,,0 121 t  and 

 Tttt s ,...,,0 121 t . Increment of cost functional (4) 

along admissible control  s

ttt uuu ,..., 21u   looks like: 
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Taking into consideration (1)-(2) we obtain: 
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According to Ito’s formula for each   slttt ll ,1,,1  
: 
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Integrating this equality and taking expectation of both 

side into account (9) as follows: 
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Due to this equality the expression (8) can be rewritten 

as: 
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The stochastic processes   
l

t ,  at the points 
sttt ,...,, 21
 

can be defined as follows:   
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T Gx  

Further using  equation (5) we get: 
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It is well known that the necessary and sufficient 

condition of optimality for convex functional given by as:                                           

  0 uJ .The validity of (6)-(8), follows from the 

relation (11). Finally, according to the independence of 

increments 
l

tx ,
l

tu
lt , sufficiency is proceed from 

expression (10).  

IV. RICCATI EQUATIONS  

This section is devoted to  the the Riccati equation for 

the possible feedback regulator design of  stochastic LQ 

problem of switching systems.  

                slxpd l

t

l

t

l

t ,1,  , a.c.                  (12) 

At the end are received the differential equations, 

which are a stochastic analogue of the Riccati equations, 

for determi- nation functions slpl

t ,1,  . 

We will search for slpl

t ,1,   in the following form: 

sldwdtdp t

l
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t ,1,  

According to formula Ito have: 
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For sll

t ,1,   we are having next form: 
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By means of simple transformations into account (14) 

expression (13) can be rewritten as follows : 
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Considering (12) in expression (6) optimal control can 

be defined explicitly for each sl ,1  and  ll ttt ,1 : 
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here random processes  are the solutions of 

following Riccati equations:  
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V. CONCLUSION 

This work deals with description the real phenomena 

with non-invariant nature and investigation of optimal 

control problems of such linear systems.The results can 

be used in various optimization problems of biology, 

physics, engineering, economics, and have a lot of life 

science, financial market applications [23-27]. The LQ 

problem considered in this manuscript can be viewed as 

development of the problems formulated in [17], 21], 

[28]. 

REFERENCES 

[1] R. E. Kalman, “Contributions to the theory of optimal control,” 

Bol. Soc. Math. Mexicana, vol. 5, pp. 102–119, 1960. 
[2] B. D. Anderson, A. Ilchmann, and F. R. Wirth, “Stabilizability of 

time-varying linear systems,” Systems and Control Letters, vol. 62: 
pp. 747–755, 2013. 

[3] N. N. Krasovskii and Lidskii, “Analytical design of controllers in 

systems with random attributes,” Autom. Remote Control, 
vol. 22, pp. 1289 -1294,1961.  

[4] R. W. Fleming and W. H. Rishel, Deterministic and Stochastic 
Optimal Control, Springer, 1975.  

[5] A. Bensoussan., M. C. Delfour, and S. K. Mitter, “The linear 

quadratic optimal control problem for infinite dimensional systems 
over an infinite horizon, survey and examples,” in Proc. the IEEE 

Conference on Decision and Control, 15th Symposium on Adaptive 

Processes, New York, 1976, pp. 746-751. 
[6] A. Balakrishnan, “A note on the structure of optimal stochastic 

control,” Applied Mathematics and Optimization, vol. 1, pp. 87-94, 
1975. 

[7] H. Pham “On some recent aspects of stochastic control and their 

applications,” Probability Surveys, vol. 2, pp. 506-549, 2005. 
[8] J. Hoek and R. J. Elliott, “American option prices in a Markov 

chain model, applied stochastic models in business and industry,” 
28, pp. 35-39, 2012. 

[9] M. Kohlmann and X. Zhou, “Relationship between backward 

stochastic differentialequations and stochastic controls: A linear-
quadratic approach,” SIAM ,Journal on Control and Optimization, 

38, pp. 1392–1407, 2000. 
[10] W. M. Wonham, “On a matrix Riccati equation of stochastic 

control,”  SIAM, Journal on Control and Optimization, vol. 6, pp. 

312–326, 1968. 
[11] R. Bellman, “Functional equations in the theory of dynamic 

programming, positivityand quasilinearity,” in Proc. National 
Academy of  Science, USA, 41, pp. 743–746, 1955. 

[12] J. M. Bismut, “Linear quadratic optimal stochastic control with 

random coefficients,” SIAM, Journal on Control and Optimization, 
14, pp. 419–444,1976. 

[13] E. K. Boukas, Stochastic Switching Systems, Analysis and Design, 

Birkhauer, 2006. 

[14] N. Avezedo, D. Pinherio, G.W.Weber, “Dynamic programing for 

a Markov-switching jump diffusion,” Journal of Computational 
and Applied Mathematics, vol. 267, pp. 1-19, 2014. 

Journal of Automation and Control Engineering Vol. 4, No. 6, December 2016

©2016 Journal of Automation and Control Engineering 437



[15] H. Shen, Sh. Xu, X. Song, and J. Luo, “Delay-dependent robust 
stabilization for uncertain stochastic switching system with 

distributed delays,” Asian Journal of Control, vol. 5, no. 11, pp. 

527-535, 2009. 
[16] C. A. Aghayeva and Q. Abushov, “The maximum principle for the 

nonlinear stochastic optimal control problem of switching 
systems,” Journal of Global Optimization, vol. 56, no. 2, pp. 341-

352, 2013.  

[17] C. A. Aghayeva and Q. Abushov, “Stochastic optimal control 
problem for switching system with controlled diffusion 

Coefficients,” in Lecture Notes in Engin. and Comp. Science , S. 
Ao, L. Gelman, D. Hukins, Ed. vol. 1, pp. 202-207, 2013. 

[18] Q. Abushov and C. Aghayeva, “Stochastic maximum principle for 

the nonlinear optimal control problem of switching systems,” 
Journal of Computational and Applied Mathematics, vol. 259, pp. 

371-376, 2014. 
[19] X. Tan and N. Touzi, “Optimal transportation under controlled 

stochastic dynamics,” Annals of Probability, vol. 41, no. 5, pp. 

3201-3240, 2013. 
[20] G. Kharatatishvili and T. Tadumadze, “The problem of optimal 

control for nonlinear systems with variable structure, delays and 
piecewise continuous prehistory,” Memorires on Differential 

Equations and Mathematical Physics, vol. 11, pp. 67-88, 1997. 

[21] C. A. Agayeva and Q. Abushov, “Stochastic maximum principle 
for switching systems,” in Proc. 4th International Conference on 

Problem of Cybernetics and Informatics, vol. 3, 2012, pp. 198-201, 
Baku. 

[22] C. Yuan and F. Wu, “Hybrid control for switched linear systems 

with average dwell time,” IEEE Transaction on Automatic Control, 
vol. 60, no. 1, pp. 240-245, 2015. 

[23] T. Baklacioglu and M. Cavcar, “Aero-propulsive modelling for 
climb and descent trajectory prediction of transport aircraft using 

genetic algorithms,”  Aeronautical  Journal , vol. 118, pp. 1-11, 

2014. 
[24] Z. Sakota, Z. Jovanovic, D. Diligenski, Z. Zivanovic, and D. 

Nikolic, “Improving the fuel economy by using hydraulic hybrid 
powertrain in passenger cars,” Machenes, Technologies, Materials,  

vol. 4, pp. 24-26, 2013. 

[25] Y. Su and J. Huang, “Stability of a class of linear switching 
systems with applications to two consensus problems,” IEEE 

Transactions on Automatic Control, vol. 57, no. 6, pp. 1420-1430, 

2012.  
[26] O. Turan,  “An exergy way to quantify sustainability metrics for a 

high bypass turbofan engine,” Energy, vol. 86, pp. 722-736, 2015. 
[27] A. Topal, O. Turan, and S. Uslu, “Design, manufacturing and rig 

test of a small turbojet engine combustor with airblast atomizer,” 

International Journal of Materials, Mechanics and Manufacturing, 
vol. 3, no. 2, pp. 97-100, 2015, IACSIT Press.  

[28] K. Debrabant, E. R. Jakobsen, “Semi-Lagrangian schemes for 
linear and fully nonlinear diffusion equations,” Math. Comp. 82 

pp. 1433–1462, 2013. 

 

 

 

 
Charkaz A. Aghayeva received the 

M.S.degree in computer science and 

informationengineering from the Baku State 
University, Azerbaijan., in 1982, and the 

Ph.D. degree in Applied Mathematics and 
Cybernetics from the  Institute of 

Cybernetics of ANAS, Azerbaijan., in 1992. 

Currently, she is an AssociateProfessor with  
Theoretical Problems of Control  

Department of ANAS, Azerbaijan and 
Department of Industrial Engineering of 

Anadolu University, Turkey. She has authored or coauthored more than 

50 papers published in the referred journals and conference proceedings.  
Her current research interests are stochastic systems, stochastic 

differential equation with delay, stochastic  optimization and optimal 
control problems of switching systems. Dr. Ch. Aghayeva is currently 

an Associate Editor of the  World Research Journal of Global 

Business and Economics and Member of Editorial Board of the 

International Journal of Applied Mathematics, Electronics and 

Computers. 

 
  

Journal of Automation and Control Engineering Vol. 4, No. 6, December 2016

©2016 Journal of Automation and Control Engineering 438

http://www.bioinfopublication.org/journal.php?opt=azjou&jouid=BPJ0000082&detail=editorial
http://www.bioinfopublication.org/journal.php?opt=azjou&jouid=BPJ0000082&detail=editorial



