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Ships working under THR’s mode use the largest number 
of THRs to maintain position, which leads to overloading of 
the ship’s electrical power system or its inefficient use. This 
happens on the one hand, as a result of ensuring accurate 
positioning, and on the other hand, due to excessive power 
reserve in case of failure of one or more THRs.

Expanding the scope of conventional DP systems, for 
example to include automated mooring and docking for 
tankers or low speed passenger ferries, these systems need 
to be adapted for the new list of vessels. These vessels are 
generally designed without redundant power equipment and 
may not be as maneuverable as THR-capable vessels. This 
means that the control system must make better use of the 
available energy efficiency, providing both a higher level of 
automation for a wide range of vessels and an increase in the 
energy efficiency of the vessel with a DP system.

The main remaining problem is the provision of ener-
gy-efficient control over the ship’s motion at low speed in 
the horizontal plane using a high-level predictive control 
controller. Therefore, studies aimed at designing predictive 
control systems are relevant.

DESIGN OF THE PREDICTIVE 
MANAGEMENT AND 

CONTROL SYSTEM FOR 
COMBINED PROPULSION 

COMPLEX
V i t a l i i  B u d a s h k o

Doctor	of	Technical	Sciences,	Professor	
Department	of	Electrical	Engineering	and	Electronics*

A l b e r t  S a n d l e r 
Corresponding author

PhD,	Associate	Professor
Department	of	the	theory	of	automatic	control		

and	computer	technology*
E-mail:	albertsand4@gmail.com

S e r g i i  K h n i u n i n
PhD,	Associate	Professor*
V a l e n t y n  B o g a c h

PhD,	Associate	Professor
Department	of	Materials	Technology	and	Ship	Repair

Educational	and	Scientific	Institute	of	of	Engineering**
*Educational	and	Scientific	Institute		

of	Automation	and	Electromechanics**
**National	University	"Odessa	Maritime	Academy"

Didrikhson	str.,	8,	Odesa,	Ukraine,	65052

The object of this researching is the process 
of maneuvering a sea-based vehicle under 
compressed conditions, which requires one 
hundred percent reserve of thrusters (THRs) of 
various modifications and locations. The main 
problem is the provision of energy-efficient control 
over the ship's motion at low speed in the horizontal 
plane using a high-level predictive controller. The 
hierarchy of the motion control system (MCS) is 
usually divided into several levels with the help 
of a high-level motion controller and the THR 
motor control distribution algorithm. This allows 
for a modular software structure where a high-
level controller (HLC) can be designed without 
using comprehensive information about the THR 
motors. However, for a certain reference of THR 
configurations, such a decoupling can lead to 
reduced control performance due to the limitations 
of HLC regarding the physical constraints of the 
vessel and the behavior of MCS.

The main results of the researching are 
methods to improve control performance using 
a nonlinear model predictive control (MPC) as 
a basis for the designed motion controllers due 
to its optimized solution and ability to consider 
constraints. A decoupled system was implemented 
for two simple motor tasks showing dissociation 
problems. The shortcomings were eliminated 
through the development of a nonlinear MPC 
controller, which combines the motion controller 
and the distribution of control over THR motors. 
To preserve the discrete modularity of the control 
system and achieve adequate performance, 
a nonlinear MPC controller with time-varying 
constraints was designed. This has made it possible 
to take into account the current limitations of the 
THR control system, increase the accuracy of 
control, and reduce the response time of the system 
by 10 %
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1. Introduction

The methodology of applying nonlinear model predictive 
control (MPC) is increasingly used as a basis in motion 
control systems of combined propulsion systems (CPS) of 
marine vessels with propulsion devices.

The main aspects of the state-of-the-art development of 
nonlinear predictive control include:

– relevant case studies and working examples that 
demonstrate methods to apply modeling and design man-
agement regarding proprietary projects;

– a GitHub repository with MATLAB scripts and a 
relevant toolset, compatible with the latest versions of Math-
Works software;

– new content of mathematical modeling, including 
models for ships and underwater vehicles, hydrodynamics, 
control forces and moments;

– new methods of orientation and navigation, in-
cluding the line of sight (LOS) laws, sensor systems, 
model-based navigation systems, and inertial navigation 
systems.
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to implement the determination of the actual position of the 
rotor by the method of non-positional static control. But, ac-
cording to the simulation results, this method did not make 
it possible to accurately determine the position and speed of 
the motor rotor both at zero and at low speed.

The algorithmic structure shown in Fig. 4 [10] is common 
to many automated vessels. The highest level Motion Control 
System (MCS) calculates the total forces and moments that 
must be applied to the vessel. Algorithm distribution or THR’s 
location matrix calculates the reference value of the orientation 
and speed of the propellers for the individual motors to obtain 
the forces that are specified by the motion controller. This 
method is known as decoupled control [11]. The decoupling 
provides a more flexible and modular design, as the high-level 
controller setup can remain the same for vessels with different 
THR’s configurations, while only the thrust values for THRs 
are updated for the new configuration. However, this can also 
be an important drawback. For example, the development of 
closed-loop control algorithms requires that the high-level mo-
tion controller does not take into account the physical limita-
tions of the ship and THR motors [12]. This can create a prob-
lem with the overall energy efficiency of the control system.

The MPC controller design technology is based on using 
the MATLAB interface for the open-source ACADO (Auto-
matic Control and Dynamic Optimization) toolkit [13] with 
the optimization problem solved in [14]. Code was generated 
for the online solver, implemented in the Simulink simula-
tion environment using MATLAB’s S-function.

Summarizing, it can be stated that the most significant 
contradictions remaining in controlling combined propul-
sion systems are:

– the working space of the designed controllers is lim-
ited by the movement of the vessel in the horizontal plane;

– motion control is carried out at low speed, i.e., the 
ship moves at speeds less than 2 m/s to reduce the impact of 
nonlinear effects;

– measuring and estimating the vessel’s position and 
speed is crucial for accurate traffic management. This task 
is made increasingly difficult by the deterministic motion 
caused by the waves. Thus, when designing a controller, it 
is assumed that all states are evaluated using an existing 
algorithm or measured directly;

– existing results include only the development of MCS 
controllers because the integration methods were not inves-
tigated. In addition, the algorithmic aspects of solving the 
problem of nonlinear control were not considered;

– in order to reduce the complexity of mathematical 
modeling and setting, mainly one specific vessel with a given 
configuration of THR PDA was considered in the studies.

A solution to these contradictions could be the devel-
opment of a predictive control system using a high-level 
controller. This is the approach used in many works; how-
ever, due to the uncertainty of the boundary conditions and 
the need to divide the system, the achieved results are not 
perfect. This is primarily due to non-identical methods for 
measuring the parameters of distributed subsystems and 
the corresponding conditions for achieving a certain level of 
adequacy. Secondly, the variety of THRs and their location 
requires the parameterization of both the THRs themselves 
regarding the determination of input control signals and the 
coordination of input-output signals between distributed 
subsystems. All this gives reason to assert that for ship 
combined propulsion systems it is expedient to conduct the 
researching aimed at designing a predictive control system.

2. Literature review and problem statement

Works [1, 2] report the results of the latest research in the 
field of hydrodynamics, navigation, and control systems of sea 
vessels. In [1], the authors prove how the implementation of 
mathematical models and modern management theory could 
be used for modeling and verification of control systems, de-
cision support systems, and situational identification systems. 
Current case studies and working examples of the application 
of control system modeling methods are given in [2]. However, 
in these works, the authors had difficulties in devising scenar-
ios for managing distributed subsystems compatible with the 
latest versions of software from MathWorks.

Research that includes hydrodynamic models for sea 
vessels, wind, waves, and ocean currents can be an option to 
overcome these difficulties [3]. But, taking into account the 
dynamics and stability of sea vessels, expanding the princi-
ples of dynamic positioning, synthesis and identification of 
sensors and aspects of inertial navigation remain relevant.

In work [4], the authors tried to apply the latest tools for 
the analysis and design of advanced guidance, navigation, 
and control (GNC) systems using the example of control over 
unmanned underwater, surface, and autonomous vehicles. 
However, the reported examples of engineering developments 
do not give reason to believe that MATLAB scenarios for 
practical implementation and software testing are perfect.

For example, one of the most problematic systems today 
are dynamic positioning systems (DP) [5]. DP systems are 
used to hold a vessel or rig stationary in a horizontal plane or 
to move at a low constant speed using only available thrust-
ers (THRs). The main criterion for the efficiency of using 
DP systems is the criterion of minimum fuel consumption 
with minimum wear of the power plant [6]. But, making the 
control task simpler by reducing the DP problem to compen-
sation in three degrees of freedom of the horizontal plane 
using (three) independent PID controllers is possible only 
under favorable conditions.

The first condition is the expansion of the working space in 
which the designed controllers work, through the application 
of algorithms of the Low Speed Motion Control method [7–9]. 
In [7], the authors managed to devise a method of sensorless 
control based on tracking the behavior of the control object 
with the implementation of a high-frequency control signal in 
the process of its demodulation. The achievement of optimal 
control is implemented in real time according to the principle 
of predictive control, which provides almost optimal control 
over the vessel and THR, but without taking into account the 
possibility of changing the boundary conditions.

Sensorless control algorithms were improved in [8]. 
Through the use of a stochastic neurofuzzy system of distur-
bances based on the algorithmization of the work of the con-
stituent swarms with the use of iterative learning, a method 
for combining the learning results during the current error 
analysis was proposed. The performance of the controller 
was also checked using the method of comparison with other 
software computation methods.

In [9], the authors managed to introduce a high-fre-
quency sinusoidal signal of the supply voltage of THR to 
the calculated axis of the synchronous rotating coordinate 
system and obtain an estimation error containing informa-
tion about the rotor position. By detecting the output signal 
of the PI controller of the current circuit of the quadrature 
axis, it became possible to estimate the initial position of the 
rotor and the magnetic field of the stator. It was proposed 
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the dynamic positioning mode, a general model describing 
the dynamics of the ship is represented by the expressions:

( ) ,Jη = η ν  (1)

( ) ( ) ( ) ,M C D gν + ν ν + ν ν + η = τ  (2)

where (1) describes the kinematics of SBV, and (2) de-
scribes the kinetics. The matrix J(η)∈R6×6 is the trans-
formation matrix, while the matrices M∈R6×6, C(ν)∈R6×6 
and D(ν)∈R6×6 describe the inertia of the attached masses, 
the Coriolis force, and the vehicle damping, respectively. 
The vector g(η)∈R6 describes the restoring forces acting 
on the vehicle due to buoyancy and gravity. In the right-
hand side of (2), τ∈R6 is a vector of forces and moments 
created by controlling elements of propulsion devices 
and factors of the external environment (wind, waves, 
currents) and acting on SBV during a certain operating  
mode:

,с envτ = τ + τ  (3)

where τc are the controlling forces and moments, and τenv are 
the forces and moments arising as a result of environmental 
disturbances.

3. The aim and objectives of the researching

The purpose of our researching is to design an ener-
gy-efficient system for predictive control over a multi-level 
controller in a closed system of ship motion control. The 
practical result should be the construction of a reference 
controller combining a multi-level motion controller and the 
THR control algorithm depending on the location matrix 
and, finally, increasing the functionality of a closed system 
to the level of a combined controller.

To solve these problems, the following tasks must be solved:
– to define the law of optimal control over a multi-level 

nonlinear MPC-controller taking into account the dynamic 
properties of an sea-based vehicle (SBV) model;

– to test various configurations of thrusters to find opti-
mum settings and control errors from the point of view of ener-
gy saving in the zone at the point of positioning and movement 
at low speeds.

4. The materials of researching and methods

4. 1. The object and hypothesis of the researching
The object of our researching is the process of maneuvering 

a sea-based vehicle (SBV) with 6 degrees of freedom, which 
moves in accordance with the laws described 
in Table 1. Fig. 1 shows the hierarchical structure 
of the ship’s automated traffic control system.

The main hypothesis of the researching as-
sumes the improvement of accuracy of maintain-
ing SBV, which works under the mode of dynamic 
positioning, through the use of predictive control 
methods and tools using a high-level controller.

In order to positively solve the tasks, the 
controller must be expanded by including in the 
circuit the module for the distribution of thrusts 
between the THR motors, which solves the 
combined problem of motion and THR control. 
The controller will be considered as a reference 
for the closed control system of the ship. Based 
on the preliminary results, it is planned to im-
prove the energy efficiency of the closed-loop 
system by incorporating more information into 
the high-level MPC controller.

Based on analysis of the theory of predictive 
control and theoretical studies of ship dynamics 
and dynamic positioning, for the researching of 

Table	1

A	system	of	parameters	or	variables	for	different	coordinate	systems	
depending	on	the	degrees	of	freedom	(DOF)	of	the	ship	or	underwater	vehicle

No. of 
entry

DOF
Defining a parameter 

or variable
Description

1

6

[ ] 6T
xyz Rη = φΘψ ∈

Orientation of SBV according to 6 degrees of 
freedom, given position, and Euler angles in 

the inertial system

2 [ ] 6T
xyzpqr Rν = ∈ Linear and angular velocities in a fixed body 

coordinate system

3 [ ] 6T
XYZKMN Rτ = ∈ Decomposition of forces and moments for a 

fixed body coordinate system

4

3

[ ] 3T
xy Rη = ψ ∈

Horizontal orientation with 3 degrees of free-
dom given by the Cartesian position (x, y) and 

the heading angle ψ

5 [ ] 3T
uvr Rν = ∈

The vessel’s velocities in a fixed coordinate 
system during rectilinear motion (u), pitch-

ing (υ) and yaw (r), respectively

6 [ ] 3T
XYN Rτ = ∈

Forces and moments in a coordinate system 
assigned to a body during accelerations (X), 
oscillations (Y) and turns (N), respectively.
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Fig.	1.	Hierarchical	structure	of	the	ship’s	automated	traffic	control	system
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However, these assumptions relate to the control over the 
position and course of the control object on the surface of the 
water, that is, for the improvement of this component of the 
control system and to reduce the power of mathematical mod-
els, only horizontal movement is considered. Thus, the model 
given in (1), (2) reduces to 3-DOF. Motion at yaw z, pitch θ, 
and roll φ is not tracked or compensated for at this stage.

4. 2. Generalization of kinematic relations taking into 
account degree restrictions

Two different coordinate systems were used in the simu-
lation. An inertial (non-moving) coordinate system used to 
describe the position and orientation of a vessel in global coor-
dinates and Euler angles as [x y z]Tand [ϕ θ ψ]T, respectively. A 
moving coordinate system describing forces, torques, linear ve-
locities, and angular velocities [X Y Z]T, [K M N]T

, [u v w]T
, [x y z]T,  

as well as [p q r]T respectively. A moving coordinate system, 
the variables are denoted by the index {b}, is usually related to 
SBV through the reference point that is at the center of gravity, 
and the xb axis is directed forward, towards the bow, the yb axis 
is the starboard side, and the zb is directed downwards [10]. 
Fixed coordinate system – Cartesian local tangent coordinate 
system NED (North-East-Down), variables are marked with 
the index {n}. The origin of the coordinates is fixed at a point on 
the Earth’s surface, the xn axis is directed to the north, the yn 
axis is to the east, and the zn axis is to the center of the Earth. In 
this chapter, the NED-system is assumed to be inertial, which 
is appropriate in view of the fact that the considered velocities 
are involved in the motion control laws at relatively low speeds. 
A general visual description of the applied coordinate systems, 
which characterizes the connection between the NED and 
the moving coordinate system with decomposed velocities, is 
shown in Fig. 2.

The position and heading η of the vessel is measured 
in {n}, while the velocities ν and forces τ will be plotted 
in {b} (Fig. 2). This is the basis for purely geometric transfor-
mations of the matrices in (2), which as a result reduces to:

( ) ,R vη = ψ  (4)

for 3-DOF, where R(ψ)∈R3×3 is the rotating matrix given by:

( )
( ) ( )
( ) ( )

cos sin 0

sin cos 0 .

0 0 1

R

 ψ − ψ
 ψ ψ ψ 
  

    (5)

Kinetics describes the movement of a body under the ac-
tion of forces and moments. The model of SBV kinetic move-
ment can be derived using the mechanics of a solid body and 
the theory of hydrodynamics [2, 14]. When considering the 
motion of SBV in 3-DOF, (2) together with (3) reduces to:

( ) ( ) ,с envM C Dν + ν ν + ν ν = τ + τ  (6)

where M, C(ν) and D(ν)∈R3×3. 
For the purpose of controller design, it is often conve-

nient to work with linear models [15, 16]. For restrictions on 
low velocities and taking into account the quadratic depen-
dence of non-constant terms in C(ν) and D(ν), equation (6) 
can be simplified to a linear dynamic equation:

( ) .c envM Dν + ν ν = τ + τ  (7)

If we assume that SBV is symmetric in the xbzb plane with 
the origin {b} coinciding with the center of gravity, then the 
corresponding matrices, as a rule, have the following structure:

0 0

0 ,

0

M

× 
 = × × 
 × × 

 

0 0

0 ,

0

D

× 
 = × × 
 × × 

 (8)

in such a way that translational movement is sepa-
rated from pitching and yaw. The matrix elements 
in M are derived from the mechanical properties 
of the specific SBV, such as mass and inertia, as 
well as from hydrodynamics, which describes the 
behavior of the attached water masses, while the ele-
ments in D are purely derived from hydrodynamics.

Summarizing the above, it can be stated that the 
simplified model of SBV dynamics for 3 degrees of 
freedom is found by combining (4) and (7), as:

( ),Rη = ψ  (9)

and

,c envM Dν + ν = τ + τ  (10)

with states [ηT νT]T and input τc. The model can 
be written as a spatial model of states by permut-
ing (10) with multiplication of both parts of the 
matrix by the inverse matrix M.

4. 3. Mathematical modeling of propulsion 
devices taking into account the number of de-
grees of freedom

Model Predictive Control (MPC) is based on 
a strategy whose main features include the ability 
to control systems with multiple inputs and multi-
ple outputs using an internal model. Performance 
techniques are used to predict future states and 

 

 
  

Fig.	2.	Velocities	plotted	in	the	stationary	coordinate	system		
of	a	sea-based	vehicle:	ψ	–	heading	angle
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the ability to handle constraints on states and inputs such as 
supply voltage or resistance torque level.

SBV can be equipped with THR of various types, the main 
purpose of which is to create a controlled thrust force to obtain 
the desired movement. At low-speed traffic control, azimuthal 
THRs are most often used. In this case, the modeling assumes 
a quadratic relationship between the thrust and the control 
variable, which makes it common for most THRs of this type.

The control forces and moments τc created by THR depend 
on its location and orientation relative to the diametrical plane 
and on the absolute value of the created force (thrust). Thus, in 
the general case, for the М matrix THR τc can be written as:

( ), ,c h nτ = α  (11)

where α∈RM is a vector of thruster location angles, n∈RK is 
a vector of propeller speeds. For low speeds, h usually takes 
the following form [10]:

( ) ( ),c T f nτ = α  (12)

where f(n)∈RM is the thrust magnitude vector for each THR 
motors, and:

( ) [ ]1,..., ,n M
NT t t R ×α = ∈  (13)

describes the geometry of the motor configuration. For n=3-
DOF, columns T(α) are set as:

( )
( )
( )

( ) ( ), ,

cos

sin , 1,..., ,

sin cos

i

i i i

x i i y i i

t i M

 α
 α = α = 
 ∆ α − ∆ α 

 (14)

where Dx,i and Dy,i are the arm of moment application, speci-
fied in the fixed body coordinate system, and αi determines 
the angle of location of THR, such that it is positive clock-
wise from the xb axis, Fig. 3.

Fig.	3.	Determining	the	application	of	moments	and	
orientation	of	a	vessel	equipped	with	an	aft	thruster

For low-speed motion control, it is assumed that the thrust 
f generated by the THR motor is proportional to the square of 
the propeller rotation speed. More precisely, under the condi-
tion of thrust from bollard (stationary vessel), the steady axial 
thrust f(i) of the i-th THR motor with symmetrically located 
propellers is defined as:

, 1,..., ,i i i if k n n i M= =  (15)

where ki is a constant and ni is the angular speed of the pro-
peller. Subsequently, the thrust vector f(n) in (12) can be 
written in the following form:

( )

( )

1 11 1

..

. ,.

..

M

n

M M M

n nf n

f K

f n n n

  
  
  
  = =   
  
  

    

   (16)

where K∈RM×M is a diagonal matrix with [k1, k, ..., kN] along 
the diagonal. However, it should be noted that, in general, 
the generated thrust of THR depends on the speed of the 
liquid around the propeller, which, in turn, is related to the 
speed of the vessel [17–19].

It was established that the thrust created by the propel-
ler is proportional to the square of the speed of rotation, ac-
cording to some assumptions. This is also true for the applied 
torque [20]. It is known from mechanics that the THR power 
P is proportional to the torque T at rotation frequency ω.

Thus, a general approximation for the power required to 
rotate the propeller is:

3,P n∞  (17)

where n is the speed of rotation of THR propeller, rev/min. 
In addition, the above ratio usually holds for open water 
conditions, that is, the propeller is under the influence of an 
unobstructed and uniform flow of water.

For azimuthal THRs, this may not be the case, when 
the thrust is achieved through the reverse rotation of the 
propeller. Additionally, propellers are sometimes designed 
to be more efficient in one direction than another. Thus, the 
efficiency of a THR motor may vary depending on whether 
it is reversible or not. Such THR motors are asymmetrical.

Decomposition of control over asymmetric THRs is a meth-
od often used in aerospace and marine engineering to control 
the redundancy of drives in the design of dynamic systems 
operating under operational modes with overload [21–23]. The 
control system is then partitioned by a law that determines the 
total control effort to be generated and a control distribution 
algorithm that distributes the effort among the actuators. The 
control distribution is identified with respect to the THR mo-
tor, with the goal of distributing the desired generalized force 

d
cτ  between the THR motors. Thus, the main principle of THR 

location is d
cτ  implementation at any time. However, due to the 

redundancy in actuation, there is freedom in the choice of the 
method of distribution of forces, that is, the choice of the control 
input u=(n, α). The more THRs the ship is equipped with, the 
more combinations of input data can be used to obtain .d

cτ  The 
problem of choosing the input parameter u is naturally solved 
by formulating it as an optimization problem, in which the cost 
function usually involves the minimization of fuel or energy con-
sumption, and the constraints take into account the limitations 
of a particular THR motor and its wear resistance [2, 24–26].

Perhaps the simplest form of distribution of THR thrusts 
can be found in the combined solution of (12) and (16). Chang-
ing the variable υi=ni|ni| occurs by introducing the unique 
inverse ni=sign(υi)√|υi|, which leads to the ratio:

( ) ,d
c T Kvτ = α  (18)
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between the desired task of thrust from the motion controller 
d
cτ  and the control tasks of THR drive n and α. Taking into 

account the fact that α is a constant value, that is, THR mo-
tors have a fixed orientation relative to the diametrical plane, 
T(α)K is also constant. If the physical limitations of THR po-
sition are not considered, then the optimization problem can 
be stated as a weighted least squares problem:

min ,T

v
vWv

. . 0.d
cs t Hvτ − =  (19)

The solution is found by differentiating and setting the 
operational zero, as follows:

( ) 11 1 .T T d
cv W H H W H

−− −= τ  (20)

If W=I, then the solution to (20) reduces to the pseu-
do-inverse Moore-Penrose matrix.

However, when considering azimuthal THRs, α is not 
constant. In addition, it is not guaranteed that a given THR 
arrangement is capable of providing the desired thrust force ,d

cτ  
if this requires a force that exceeds the capabilities of THR mo-
tors, for example due to saturation. The generalized statement 
of the problem will be as follows:

( )
,

min , , , , ,
u s

p v u s tη

( ). . , , , ,d
cs t h v u t sτ − η =  (21)

( ), , , 0,g v u tη =

where p is some function of evaluating states (η, ν), inputs 
u=(n, α), delay variables s and time t. The constraint p 
in (21) represents the main priority of the motor thrust 
distribution, but with the addition of s in case this is not 
possible.

For prioritization, the delay variable usually has a much 
higher weight in p than the other variables. For low speed, 
the function h is usually represented by the right-hand part 
of (12). The constraints in (21) represent technical con-
straints of THR, such as torque or power constraints.

In general, the problem of distribution of thrusts and mo-
ments of THR motors (21) is unsolved. This means that the 
optimization solution may stop at some local minimum. For 
asymmetric THRs, which are designed for maximum efficiency 
in one direction, but are not as efficient when rotating in the 
opposite direction, this means that the THR may end up not 
providing the required thrust. This problem can be solved in 
various ways, in particular, a common approach is the presence 
of an exogenous algorithm that evaluates whether the rotation 
of THR motor is effective for a certain operating mode [10].

5. Results of investigating the method of predictive control 
over a ship model with azimuth propulsion devices

5. 1. Defining the law of optimal control over a 
multi-level nonlinear MPC controller taking into account 
the dynamic properties of SBV model

The difference between linear and nonlinear MPC is 
that the latter can work with nonlinear dynamics and con-
straints. In either case, the control input is computed by 
solving a finite value optimal control problem at each sam-

pling interval. In continuous time, the law of optimal control 
can be formulated as follows:
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where x(t)∈Rnx are the system states, and u(t)∈Rnu are 
the control inputs. Input data for the controlled optimal 
control system are the current state estimate x0 and the 
reference trajectories xr(t) and ur (t), ∀t∈[t0, t0+T]. The 
task of the controller is determined by the energy loss 
function (22), which here consists of two terms: current 
losses f(·) and final fN(·). The function of the final losses 
is to estimate their achievement of the final state x(t0+T), 
while the current losses represent the task and the losses 
to achieve this task. A common way to construct terms 
and loss bounds is to use a least-squares objective function, 
weighting the difference between the states, the inputs, and 
the corresponding constraints:

( ) ( ) ( ) ( ) ( )2
,

x
r rQ

f x t x t u t u t= − + −

( ) ( ) ( ) 2
.

x
N r R

f x t x t= −   (23)

Dynamic models used for predicting are given by for-
mulas for continuous quantities (22), which contain given 
system constraints. The design variables include the predic-
tion limit T, which determines how optimal the controller is 
from the point of view of prediction, and the weight matrices 
Qx≥0, Qu>0 and Rx≥0, which determine the entries of the 
tasks in the loss function.

However, to solve (22), it must be discretized. There are 
a number of different discretization methods for continuous 
systems, such as Euler sampling and Runge-Kutta methods. 
The discrete version of (22) taking into account (23) with 
the sampling frequency 1/Ts is:
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where N=T/Ts. The solution that is the minimum of (24) at 
time i is the trajectory of the control inputs * .N nu

i R ×∈U  This 
trajectory is computed in an open loop and only the first 
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element in *.iU  is used to achieve feedback. Then the system 
expands, and the problem is solved again in the next sam-
pling interval i+1. Since the optimization problem is solved 
at each sampling interval, predictive control systems tend to 
be computationally complex. The complexity of the problem 
increases with the number of states and inputs and the range 
and prediction vector N. Thus, there is a trade-off between a 
large range and prediction vector and a fast controller.

In the case of a linear model, the system of equations (24) 
is subject to the following restrictions:

1 ,k k kx Ax Bu+ = +

,x k xF x b≤

.u k uF u b≤  (25)

(24) can be reformulated as a quadratic program-
ming (QP) problem. Then the optimization problem is convex 
from the point of view of the global optimal solution. Solving 
the nonlinear problem (24) is complicated by the fact that the 
optimization problem in the general case becomes nonconvex. 
One common approach to solving nonconvex problems is to 
linearize the system around some point, such as a reference 
point, and then formulate a standard QP. This allows the 
solver to find a global solution to the approximated problem. 
Other methods, such as Sequential Quadratic Program-
ming (SQP), use sequential iteration to solve numerous QP 
problems, bringing the nonlinear program closer to conver-
gence. Instead, the ACADO toolkit exports a Real Time 
Iterations (RTI) scheme for optimization aimed at providing 
an approximate but fast solution. The RTI scheme essentially 
works by linearizing the problem around estimating the cur-
rent state and solving one QP at each iteration, thus making 
it only marginally slower than linear MPC [13].

Therefore, the law of optimal control over a multi-level 
nonlinear MPC-controller, taking into account the dynam-
ic properties of SBV model, is defined in continuous time 
with dependence on t for states and control elements. The 
problem is discretized using either the ACADO toolkit, 
where it is possible to export both individual explicit and 
implicit integration methods, or for controllers, nonlinear 
MPC is used.

5. 2. Testing different configurations of thrusters to 
find optimum settings and control errors

MPC is a high-level motion controller whose dynamic 
model (9) and (10) is used for prediction, but with substitu-
tion instead of τc since the latter does not directly affect the 
ship (Fig. 4).

SBVs maneuvering at low speeds or operating under 
THR mode are, as a rule, equipped with an excess number of 
THRs from the point of view of ensuring continuity, which 
means the existence of more than one or the same number of 
control input signals nu for the corresponding number of de-
grees of freedom n [10, 17]. This makes it possible to increase 
the accuracy of controlling the ship in the horizontal plane 
and, in the case of redundancy, to maintain controllability in 
case of failure of one or more THRs. The method implementa-
tion procedure consists of the description of the management 
hierarchy and the implementation of this hierarchy using a 
non-linear model of predictive control and iterative elimina-
tion of deficiencies depending on the obtained results.

The conventional MCS for SBV is divided into several 
levels. First, the high-level motion controller takes the mea-
sured or estimated state of the vessel (η, ν) and the reference 
signal (ηr, νr) as inputs. The reference signal can be a reference 
value, a path, or a trajectory. Then the task is to calculate the 
desired generalized force applied to the vessel ,d

cτ  correspond-
ing to the reference task. Several different algorithms have to 
be developed for this purpose, ranging from decoupled PIDs 
to linear-quadratic and nonlinear controllers. Secondly, the 
algorithm for the distribution of THR thrusts is designed to 
create the desired force d

cτ  by controlling the speed and ori-
entation of the THR u=(n, α) (Fig. 1).

MPC is a high-level motion controller whose dynamic 
model (9) and (10) is used for prediction, but with substi-
tution of ,d

cτ  instead of τc since the latter does not directly 
affect the ship (Fig. 4).

To apply physical constraints to the ship and the DP sys-
tem, the input signal ,d

cτ must be limited both in amplitude and 
speed, which is implemented by supplementing the model with:

( ),d d
c c c aTτ = −τ + τ

,a uττ =  (26)

where Tc∈Rn×n is the diagonal matrix of time constants, and 
uτ is now the control variable. Thus, the speed limitation d

cτ  
can be formulated as a limitation of the value of uτ.

By combining the dynamic model (9) and (10) with (26) 
together with the constraints, the nonlinear continuous time 
optimal control law is formulated as follows:
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where obtaining the final value involves the same 
conditions as the intermediate ones. The intermediate 
functions in (27) allow time to be changed by η and ν, 
while the magnitude of the generalized force and its 
speed are adjusted accordingly. Weight matrices Qx can 
be changed depending on the control strategy. For ex-
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Fig.	4.	Separate	motion	control	system
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ample, if it is necessary to move along a trajectory, 
the course ψ and the longitudinal movement u 
can be adjusted more precisely by simultaneously 
adjusting the weights d

cτ  along the corresponding 
(x, y) axes. The constraints in (27) determine the 
dynamic model and limit the magnitude and speed 
of the generalized force .d

cτ
The efficiency of control is checked in the 

simulation using the appropriate model of the mul-
tifunctional propulsion system for the variant of 
operation of two THRs of the Azipod® type, maxi-
mally spaced relative to the diametrical plane of the 
vessel (Fig. 5). The results are summarized in Fig. 6, where 
the movement of the model in two directions is visualized.

Parameters of the physical model are shown in Fig. 5, 
given in Table 2.

The differences between the simulations lie in the refer-
ence position and initial orientation of the initialized THR 
motors (Table 3).

The results of the first test run for the separate MCS 
control mode are shown in Fig. 7, 8.

The results of the second test run for the separate MCS 
control mode are shown in Fig. 9, 10.

The setting parameters remain constant during the simu-
lation, during which deviant actions are performed to provoke 
the deviation of THR parameters from the specified ones. The 
environmental perturbation τenv was not applied in all simula-
tions in order to emphasize the vessel behavior for the separate 
(autonomous) nature of MCS.

Table	2

Parameters	of	the	physical	model	of	the	multifunctional	
propulsion	system	and	initialized	propulsion	devices

No. of entry Parameter Value

1 Length, Dx 140 cm

2 Width, Dy 40 cm

3 Draft 20 cm

4 Displacement
243 kg

PD1 PD2

5 |Dx| 38 cm 64 cm

6 |Dу| 16 cm 16 cm

7 Azimuthal rotation time 22 s 22 s

8 Maximum propeller speed ±145 rpm ±145 rpm

9
Maximum acceleration of 

propeller speed
±0.06 rev/s2 ±0.06 rev/s2

 

 
  

THR2

Δx

ΔуΔx,1

Δx,2

Δy,2

Δy,1

THR1

Fig.	5.	Model	of	a	multifunctional	propulsion	system

 

 
  

Fig.	6.	Image	of	the	movement	of	the	model	in	the	horizontal	plane

Table	3

Summarized	data	on	the	parameterization	procedure	of	initialized	thrusters

No. of entry Starting position of the model Start location angle of THR Reference position pitch ηr Time constant Ts, c Forecast horizon N, c

1 [–50, 0, 0]T [0, 0]T [80, 0, 0]T 1 80

2 [–10, 40, 0]T [π/2, π/2]T [0, –50, 0]T 1 80
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 Fig.	7.	Results	of	the	first	test	for	the	separate	mode	of	the	motion	control	system:	a	–	reference	(ηr)	and	actual	(η)	values	of	ship’s	
position	in	accordance	with	the	number	of	degrees	of	freedom;	b	–	the	actual	(v)	and	reference	(vr)	value	of	the	speed	of	the	model

a                                                                                                          b

Fig.	8.	Results	of	the	first	test	for	the	separate	mode	of	the	motion	control	system:	a	–dependence	of	the	force	acting	on	the	

ship	(τc)	and	the	task	at	the	output	of	the	high-level	control	controller	 ( );d
cτ 	b	–	dependences	of	the	rotation	frequency	of	the	

propellers	(n)	and	the	location	angle	(α)	of	thrusters	within	[±180°]

a                                                                                                          b

 

 

a                                                                                                          b 

Fig.	9.	Results	of	the	second	test	for	the	separate	mode	of	the	motion	control	system:		
a	–	the	reference	(ηr)	and	actual	(η)	values	of	ship’s	position	depending	on	the	number	of	degrees	of	freedom;		

b	–	the	actual	(v)	and	reference	(vr)	value	of	the	speed	of	the	model
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6. Discussion of results of investigating the predictive 
control over a ship model with azimuth propulsion devices

The law of optimal control over the multi-level nonlinear 
MPC-controller, taking into account the dynamic properties of 
SBV model, has been implemented using a low-speed algorithm 
with the location of THR for option (21). The results for this 
case are, first of all, explained by the possibility of asymmetric 
arrangement of THR (Fig. 5). Thus, in an attempt to instantly 
reach the desired thrust, the simultaneous rotation of the THR 
motors with a rotation frequency that is considered positive 
counterclockwise is used to minimize energy consumption.

From Fig. 5, it becomes clear that unlike the solutions 
proposed in [2, 10, 15, 17], THRs provide thrust with all 
three degrees of freedom since THR motors can rotate in any 
direction. However, depending on the orientation of THR, at 
some moments the thrust in a certain direction may be zero. 
These restrictions in (27) are quite difficult and ambiguous 

to define. For the case when the flows from the 
THR motors are stationary (constant angle α), one 
uses (12) taking into account the specification of a 
specific THR to calculate the corresponding lim-
its of the amplitude and the rate of increase of the 
task .d

сτ  This becomes possible due to the fact that 
the specified limits are considered more as tuning 
parameters than actual physical limitations.

Testing of different configurations of thrusters 
to find optimum settings, control errors and MCS 
modes was performed in a wide range of maneuver-
ing for cases of reference speed νr=0 and reference 
position step ηr at t=8. In the first case, the model 
control system receives a command to move to the 
position in front of it and a command to stop.

The THR motors are initially directed in the 
direction of movement. The results of the ex-
periment are shown in Fig. 7, 8. Fig. 7, a shows a 
significant uncontrolled exit of the model beyond 
the target position. However, during simulation, 
the positive result is the realistic movement of the 
ship in the opposite direction, which is the reason 
for the negative speed of the wave u in Fig. 7, b. 
The understanding of this behavior of the vessel 
can be seen by considering Fig. 8, a, b. At t=38 s, 
both THR motors rotate in the same direction, for 
example, clockwise (Fig. 8, b). At the same time, 
the high-level MPC begins to send a command to 
“reverse” (Fig. 8, a), and the THR motors change 
the direction of rotation. However, after a few sec-
onds, the rotation of the THR motors should be up 
to the task .d

сτ  This means that the ship will not 
be able to create a propulsive force to overcome 
the drag moment in accordance with the rotation 
of THR. The main drawback of the researching is 
a significant discrepancy between τс and ,d

сτ  as 
shown in Fig. 8, a for t∈[50, 70] since this lies out-
side the MPC setting. In fact, a similar discrepancy 
in forces can be observed during t∈[100, 120] sec-
onds, when the MPC forms a command to reduce 
the ship’s speed at the moment of changing the di-
rection of rotation of THR motors, which leads to 
a slight discrepancy in the ship’s position from the 
given one (Fig. 8, a) . The length of the duration is 
related to the inaccuracy of the regulation of the 
rotation speed of THR motors. The solution to this 

problem can be achieved through the use of feedback on the 
coordinates of THR electric motors.

In the second case, the model should move in the oppo-
site direction yb. Detailed results are shown in Fig. 9, 10. The 
motors are directed from the beginning and are located in 
the direction yb, which coincides with the direction of move-
ment (Fig. 10, b). A limitation of this researching is that at the 
time of the target position assignment, the MPC immediately 
requires a large negative oscillating force because the orien-
tation and physical constraints of THR motor system are not 
specified (Fig. 10, a). This leads to a significant discrepancy 
between the desired and the actual force acting on the vessel. 
In an attempt to execute ,d

сτ  immediately, the THR’s position 
control system begins to rotate THR’s motors in the opposite 
direction, simultaneously rotating the motors to minimize 
energy consumption. This disadvantage is due to the fact that 
when the motors are pointed aft and bow respectively, at t=20, 
there is no point in moving the motors in the opposite direction 

 

a

b 

Fig.	10.	Results	of	the	second	test	for	the	separate	mode	of	the	motion	
control	system:	a	–	dependence	of	the	force	acting	on	the	ship	(τc)	and	

the	task	at	the	output	of	the	high-level	control	controller	 ( );d
cτ 		

b	–	dependences	of	the	rotation	frequency	of	the	propellers	(n)	and	the	
location	angle	(α)	of	thrusters	within	[±180°]
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since it is impossible to get the corresponding thrust. Thus, the 
control system over the position of THRs begins to slow down 
the movement of the THRs, continuing to rotate them towards 
the left side. However, due to the insufficient deceleration of 
THR movement, the ship continues to move in the opposite 
direction yb. The position of the vessel is shown in Fig. 9, a, and 
the speed – in Fig. 9, b. This, from the point of view of energy 
consumption, is a negative result. Although, unlike the first 
scenario, in this case, the distance relative to the reference posi-
tion was not exceeded since the MPC does not issue a signal to 
reduce the speed of the vessel due to its lower value and greater 
movement resistance. It is possible to eliminate this shortcom-
ing through the use of more accurate algorithms for pulse-
width modulation of voltage on THR electric motors, which 
could improve energy efficiency by reducing the coefficients of 
higher harmonics in voltage [27–30].

7. Conclusions 

1. The law of optimal control over a multi-level nonlinear 
MPC controller with a separated mode of MCS operation re-
veals advantages due to the modular method of software or-
ganization. However, taking into account the dynamic prop-
erties of SBV model, the performance of MCS may decrease 
due to the inability of the high-level controller to take into 
account the magnitudes of the generated forces. The THR 
position control system algorithm must take into account 
the direction and frequency of rotation of the THR motors 
to achieve the force requested by MPC. This is marked by 
the transition from positive to negative force in any form. 
Since MPC does not receive information about the position 
and orientation of THR motors, this leads to the fact that the 
ship is not provided with the necessary propulsion power for 
a short time, which, in turn, leads to a time delay between d

сτ  
and τc related to the rotation time of THR motors.

From the point of view of solving the general problem of im-
proving energy efficiency, the settings of MPC controller in this 
case are quite drastic. In order to compensate for the non-deter-
ministic effect on the ship model at a speed of about 2 m/s, 
the task signal borders on the cases where the linear damping 
dominates the nonlinear effects. Overshooting the task would 
be smaller or even completely eliminated if it was possible, for 
example, to increase the value of the elements of the weight ma-
trices Qν in the dynamic models of the ship, which would lead 
to a decrease in speed. This would cause the module to move 
more slowly, so the delay in the force would not be as signifi-
cant. However, the control law limitation will still exist due to 
the inability to model rotational delay in MPC. A test case and 
setting were chosen to reveal this. Furthermore, from an im-
plementation point of view, the control system should be mini-
mally dependent on setup due to the limited time for commis-
sioning on a real vessel. One way to solve the problem of energy 
conservation is to limit the speed of the task d

сτ  to such a low 
degree that it takes into account the delay that coincides with 
the rotation time of THR motors. However, this significantly 
reduces the usable performance of THR motor control system.

2. Testing of thruster configurations revealed performance 
degradation of separate MCSs due to the need to generate 
forces in more than one degree of freedom at the same time, for 
example, for thrust and yaw tasks. This turned out to be a con-
sequence of MPC not modeling any relationship between forces 
and moments. This shortcoming is due to the chosen configu-
ration of location of the THR motors, which does not allow the 

MPC to independently generate forces and moments in all de-
grees of freedom, or to instantly create a force in any direction. 
In fact, the dynamic MPC model simulates a ship equipped 
with a sufficient number of THR actuators, which allows it 
to independently generate force and moment in all degrees of 
freedom. However, this can lead to significant costs, especially 
for vessels that do not normally need to use all THR drives. The 
results of the first test trial for the separated MCS control mode 
confirmed the hypothesis of the impact on the energy efficiency 
of the predictive control system using a high-level controller. 
However, the uncertainty of certain boundary conditions for 
some THR locations requires leaving the system distribut-
ed. Measuring the parameters of distributed subsystems and 
the corresponding conditions for achieving a certain level of 
adequacy in terms of maintaining energy efficiency requires 
ongoing reconfiguration of the system, which is not always 
possible. According to the results of the tests, it turned out that 
the parameterization of THR in terms of determining the input 
control signals is not a task of either optimal or predictive con-
trol. Coordination of input-output signals between distributed 
subsystems should take place at the stage of development of 
elements of each separate subsystem with subsequent settings 
of both individual MPC controllers and the MCS system as a 
whole. The fact that there is some overshoot for the decoupled 
motion control system in terms of the given ship position indi-
cates more of an attempt by the system to be energy efficient 
than a constraint on optimality. The same is confirmed by the 
improvement of the indicators of compliance of the resulting 
signals with the given ones in the range of 5–10 %, which indi-
cates the improvement of the adjustable properties of predictive 
control system from the point of view of its optimality for dif-
ferent location of THRs.
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