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Introduction 

Optimization of processes by classical methods and, in particular, the con-
struction of optimal systems, despite the developed theory, encounters difficulties 
in the implementation of control systems (solution of boundary value problems on 
the principle of maximum, to reproduce the surface or hypersurface switching, to 
solve transcendent equations, etc.). However, the acceleration of management 
processes can be achieved in another way, namely by using the forecasting method. 
This method began to develop in the 60-ies for the control of processes and equip-
ment in the petrochemical and energy production, for which the use of traditional 
methods of synthesis was extremely difficult due to the exceptional complexity of 
their mathematical models. A characteristic feature of this approach is to consis-
tently determine the final result of the impact of the control chosen at the moment. 

The method of forecasting was first used in the work of J. Coles and A. Noton 
[1], further developed  X. Chestnut, W. Sollecito and P. Trutmann [2], for optimal 
control of second order objects with time-varying switching lines. A characteristic 
feature of these works is the prediction in computer systems with the repetition of 
the solution of the set of optimal trajectories of the object with the allocation of the 
trajectory that corresponds to a given final position of the object, as well as the use 
of logic designed for no more than one switching control action. 

In [3] the forecasting method was used to determine the control action by 
solving the equations of the object dynamics and the Euler variational equation for 
it in an accelerated time scale. In this case, from the set of integral curves, the one 
that corresponded to the desired final state of the object was chosen. Features of 
application of a forecasting method in the mentioned works do not allow to extend 
them on objects above the second order and on the objects having additional re-
strictions on coordinates. 
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To eliminate this drawback in the work [4], a method of optimal or close to op-
timal control of one class of objects based on predictive devices operating in an ac-
celerated time scale is proposed. The essence of this method of control with forecast-
ing is that the control action is formed on the basis of the results of forecasting the 
future behavior of the control object.  Depending on the assessment of the discrep-
ancy between the final state obtained as a result of such a decision and the specified 
state. The control is determined at the current time. Therefore, forecasting requires, 
on the one hand, knowledge of the mathematical description of the dynamics of the 
object and its current state, and on the other hand, solving the problem of determin-
ing the final state of the object with a certain control action. Forecasting in the sense 
of extrapolation of system dynamics is carried out implicitly in any control system, 
where, in addition to the mismatch signal, derived control is used. 

Since such extrapolation is usually approximate, it does not allow to accu-
rately estimate the final result of the control and determine the optimal solution to 
the problem. Meanwhile, the creation of computing systems operating in an accel-
erated time scale and with the repetition of the solution process allowed to obtain 
qualitatively new results in solving forecasting problems [5]. These computing sys-
tems, solving at a fast pace the equations of the object dynamics with the initial 
conditions corresponding to its current state, at a certain control action, allow us to 
trace the entire control process up to the final state of the object. It gives an oppor-
tunity to choose the best in a certain sense the control action, at least from that 
class, which can be seen in the prediction. 

On the other hand, knowledge of the final results of management allows to 
avoid exceeding the coordinates of the object of certain boundaries, which estab-
lished for one reason or another . Together, these factors enable prediction of com-
puters greatly enhanced the process management without risk of the transition of 
the object into an invalid state. 

With the advent of advanced mathematical software for modern computer sys-
tems, new approaches in the use of predictive models for optimal control of dy-
namic objects. 

Optimization of complex technical objects  by MPC-approach 
One of the modern formalized approaches to the analysis and synthesis of 

control systems based on mathematical methods of optimization is the theory of 
control of dynamic objects using Model Predictive Control (MPC) [6]. 

The idea of optimizing the predicted  movement, which is the basis of the MPC 
approach, arose within the framework of two independent, but essentially similar ap-
proaches. The first of them, called Dynamics Matrix Control (DMC), was developed 
by the efforts of Shell Oil specialists in the mid-60s [7], and the second – Model Al-
gorithmic Control (MAC) – was developed by French engineers of the chemical in-
dustry in the late 60s [8]. On the basis of the latter approach, a commercial software 
package IDCOM (Identification and Command) was created for the first time, which 
to a certain extent served as a prototype of modern software support for predictive 
control methods. 

The package of application programs Model Predictive Control Toolbox 
(MPC Tools)[9] is a set of tools for research and design of control algorithms in 
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discrete and continuous systems based on predictions of the dynamics of their be-
havior. The package includes more than 50 specialized functions for the design, 
analysis and simulation of dynamic systems using predictive control.  

At the same time, the authors of the package, taking into account its purpose 
for the initial development of the ideology of the MPC approach, included in the 
working tools only those tools that are quite easy to learn and practical application. 
Model Predictive Control Toolbox is a package for research and design of control 
algorithms with dynamics prediction. Allows you to create adaptive control sys-
tems for complex systems with one or more inputs (outputs) and various restric-
tions. The package allows you to implement a control principle in which the input 
impact is calculated at each step based on the internal model of the object. Quad-
ratic programming is used to optimize control. 

Currently, the MPC-approach is in the stage of intensive development, as evi-
denced by the extensive bibliography of scientific works published in recent years 
on this issue. The development of control ideas with forecasting occurs in the direc-
tion of the use of nonlinear models, ensuring the Lyapunov stability of controlled 
movements, giving robust properties to the closed control system, the use of mod-
ern optimization methods in real time, etc. [10,11]. Moreover, the scope of practical 
application of the MPC approach has expanded significantly, covering a variety of 
processes in the chemical and construction industry, light and food industries, in 
aerospace research, in modern energy systems, etc. 

The main advantage of the MPC approach, which determines its successful 
use in the practice of construction and operation of control systems, is the relative 
simplicity of the basic scheme of formation of the feedback, combined with high 
adaptive properties. The latter circumstance makes it possible to control multidi-
mensional and multi-connected objects with a complex structure, including nonlin-
earities, to optimize processes in real time within the constraints on the control and 
controlled variables, to take into account uncertainties in the assignment of objects 
and perturbations. In addition, it is possible to take into account the transport delay, 
taking into account changes in the quality criteria during the process and sensor 
failures of the measurement system. 

The essence of the MPC approach is the following scheme of control of dy-
namic objects on the principle of feedback.The scheme can be combined with the 
preliminary identification of the equations of the model used to perform the fore-
cast (Fig.1). 

The implementation of this approach is as follows: 
We consider some (relatively simple) mathematical model of the object, the 

initial conditions for which is its current state. With a given program control, the 
equations of this model are integrated, which gives a forecast of the object move-
ment on a certain finite period of time (forecast horizon). 
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Fig.1. Scheme of implementation of the MPC- approach to  

the synthesis of optimal control systems with predictive models 

After that, the program of optimization of object motion control is developed, 
the purpose of which is the approximation of the controlled variables of the forecast 
model to the corresponding given signals on the forecast horizon. Optimization is 
carried out taking into account the whole complex of restrictions imposed on the 
control and adjustable variables. 

At the calculation step, which is a fixed small part of the forecast horizon, the 
found optimal control is realized and the actual state of the object is measured (or 
restored by the measured variables) at the end of the step. 

The forecast horizon moves one step forward, and points 1 - 3 of this se-
quence of actions are repeated. 

Optimal stabilization of a given motion of an Autonomous underwater robot 
It is known that all real Autonomous robotic underwater vehicles (ARPA) to 

some extent are nonlinear and non-stationary. One of the urgent tasks in the man-
agement of the ARPA is to stabilize the software (given) motion. Analysis and syn-
thesis of systems of optimal stabilization of ARPA program motion, in General, is a 
rather complex mathematical problem. However, since the majority of ARPA al-
lows you to take as a mathematical model of their dynamics in the stabilization 
modes of the linearized system of equations, it allows to apply time-vity mathe-
matical apparatus for the solution of linear stationary and non-stationary differen-
tial equations to the solution of problems of management of the ARPA. Despite 
this, the synthesis of optimal stabilization systems for ARPA remains a challenge. 

In General, linear non-stationary model of dynamics of the ARPA in the 
modes of stabilization can be represented in the form: 

(0)
0 0( ) ( ) ( ) ( ) ( ), [ , ], ( )fx t A t x t B t u t t t T x t x    ,        (1) 
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где ( ) { ( )}ijA t a t , ( ) { ( )}ikB t b t  – dimension ( )n n  and ( )n m  matrices, respec-

tively, whose coefficients have a constant sign 

[ ( )] , [ ( )]ij iksign a t const sign b t const  ,          (2)  

and monotonous 
[ ( ) / ] , [ ( ) / ]ij iksign da t dt const sign db t dt const                 (3)  

and there are pre-unknown functions that have continuous first derivatives and 
are bounded in the domain of determination on the stabilization interval. Linear sta-
tionary and quasi-stationary dynamic models will be special cases of the model (1). 
We also assume that the control vector in solving the problem of stabilization of the 
ARPA program motion is not limited 

The problem of optimal stabilization of program motion the ARPA  is formu-
lated as follows: find the control that transforms the system (1) under conditions (2) 
and (3) from an arbitrary initial state to zero and minimizes the functional: 

        
0

( ) ( ) ( ) ( ) ,
kt

T T

t

I x t Qx t u t Ru t dt                                   (4) 

where tk – fixed, Q и R – positive definite matrixes of size ( )n n . 
This formulation of the problem with functional (4) is known in the literature 

as the linear-quadratic optimization problem. 

The solution of the problem 

For accurate realization of ARPA movement along a given path, an automated 
optimal stabilization of the programmed motion is required. We consider that on 
ARPA the onboard control system (BSС) with the corresponding mathematical and 
software is established. On the basis of such BSС the structural and functional 
scheme of automation of the process of optimal stabilization of ARPA motion can 
be realized (Fig.2.). 

Marked: BFPT – block of forming unit programmed trajectory; CMD – com-
plete model of the dynamics of the ARPA; BUC –block of unit calculation program 
management; BSP1, BSP2 – blocks of sensors of parameteres; BIP – block identi-
fying the parameters of forecasting models lactation; BSSL – block for the synthe-
sis of stabilization laws. 

According to this structural and functional scheme, the automation of the process 
of optimal stabilization of the  motion ARPA  is carried out as follows. By the time of 
performance of some planned mission to the input of the BSC, a given program trajec-
tory of ARPA motion  receive in the form of a discrete series of spatial coordinates (or 
in analytical form) in certain areas of motion. In the first case, the BFPT block approxi-
mates a discrete series of coordinates by an analytical representation, in particular, pro-
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posed by the authors in [12] spline approximation. In the second case, the need for this 
disappears. Software trajectory through CMD is included in the BUC and via BS1 is 
supplied to ARPA. In addition, for certain areas of the software movement the ARPA 
on the basis of the information management program and a program path in BIP  may 
be construct corresponding plots of the linearized model of the dynamics of ARPA, and 
evaluation of its parameters according to the work of the authors [13] in the form of a 
series of Walsh using the algorithm of the adaptive partitioning of the time interval of 
movement. The adaptive algorithm, in contrast to the fixed partitioning, allows to ap-
proximate the original ARPA model at individual sites with a given accuracy in the 
form of quasi-stationary predictive models. 

 
Fig.2. Structural and functional scheme of automation of the process 

of optimal stabilization of motion ARPA 

As an example, the problem of parametric identification of ARPA with the 
dynamics of the second order is considered 
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evaluation  12 ( )a t


 for a fixed ( 10)L   and adaptive partitioning of the interval are given 

in Fig.3, where curve 1 is the exact value 12 ( )a t ; curve 2 – evaluation  12 ( )a t


 for a fixed 

partition; curve 3 – evaluation  12 ( )a t


 at adaptive partitioning. The accuracy of the pa-

rameter estimation 12 ( )a t  is characterized by the value of 
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Comparison of the estimates obtained by the fixed and adaptive algorithms for 
the considered system (5) allows us to conclude that the parameter estimation accu-
racy can be increased using an algorithm with adaptive selection of the quasi-
stationarity interval. 

Further, from the analysis of the approximation of all parameters of the quasi-
stationary model by piecewise constant Walsh functions, we determine the mini-
mum partition interval, which is taken as the forecast horizon, since all parameters 
of the predictive models are simultaneously constant on it. Thus, we form station-
ary predictive models with the selected forecast horizon. 

 
Fig. 3. The results of estimation of parameter 12(a t ) with a fixed and adaptive partitioning 

of the time interval  

These data are used in the obtained quasi-stationary models of CMD ARPA 
dynamics, at the output of which a given trajectory is formed and compared with 
the current trajectory coming through BS2. The appearance of inconsistency be-
tween the program and the current trajectories is included in the block BSSL, 
which, taking into account the optimality criteria set from the outside, automati-
cally generates in real time the optimal stabilization law for this interval. In this 
case, the problem of ACOR can be successfully solved in real time, proposed in the 
authors ' work by the method of modal synthesis based on the method of uncertain 
coefficients [14], which allows to provide the specified indicators of transients. 
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Summary 

The solution of optimal control problems with predictive models is one of the 
modern methods of research of control systems and is easily implemented with the 
help of such systems as Matlab, which with its packages has great opportunities 
and tools for solving problems of analysis, synthesis and simulation of such control 
systems. A sequential approach to parametric identification of predictive ARPA 
models and modal synthesis of optimal regulators based on the method of uncertain 
coefficients allows for automatic optimal stabilization of ARPA in real time.  
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