energies

Article

Mathematical Modeling of Transient Processes in the
Susceptible Motion Transmission in a Ship Propulsion System
Containing a Shaft Synchronous Generator

Andriy Chaban 12, Tomasz Perzynski 3, Andrzej Popenda *{*, Radostaw Figura 3*

check for
updates

Citation: Chaban, A.; Perzynski, T.;
Popenda, A ; Figura, R.; Levoniuk, V.
Mathematical Modeling of Transient
Processes in the Susceptible Motion
Transmission in a Ship Propulsion
System Containing a Shaft
Synchronous Generator. Energies
2022, 15, 3266. https://doi.org/
10.3390/en15093266

Academic Editor: Damijan Miljavec

Received: 25 March 2022
Accepted: 25 April 2022
Published: 29 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Vitaliy Levoniuk 2

Institute of Applied Mathematics and Fundamental Sciences, Lviv Polytechnic National University,

79013 Lviv, Ukraine; atchaban@gmail.com

Department of Electrical Systems, Lviv National Agrarian University, 80381 Dubliany, Ukraine;
bachal991@ukr.net

Faculty of Transport, Electrical Engineering and Computer Science, University of Technology and Humanities,
26-600 Radom, Poland; t.perzynski@uthrad.pl

Faculty of Electrical Engineering, Czestochowa University of Technology, 42-201 Czestochowa, Poland;
andrzej.popenda@pcz.pl

*  Correspondence: r.figura@uthrad.pl

Abstract: Within the scope of the presented work, a mathematical model of a prototype of a complex
motion transmission on a ship was developed. The abovementioned motion transmission includes
long elastic elements with distributed mechanical parameters. The system, containing the motion
transmission under consideration, is driven by an engine via epicyclic gearing. The torque is
transmitted via a long drive shaft to a propeller working with a variable blade geometry. The rotor of
a synchronous generator is mounted on the ship’s long drive shaft. This shaft generator produces
electricity that is fed to the ship’s electrical network. With the use of the developed mathematical
model, electromechanical transients occurring during the transmission of mechanical power are
analyzed. This paper analyzes the motion transmission with the use of computer simulation and
presents the results of research.

Keywords: mathematical modeling; shaft generator; motion transmission; distributed parameter
system; long elastic elements

1. Introduction

Typical ship propulsion systems contain many components and devices and are very
complex. This is understandable, because in the general case, sea-going ships can certainly
be considered as autonomous electric power units on which the crew works and functions.
Sea-going ships become home to dozens, hundreds, and sometimes thousands of people,
during long voyages. Aircraft carriers are a good example of travelling the seas and oceans
for many months. In such cases, a reasonable question arises: how to ensure good dynamic
characteristics of the ship’s movement and comfortable functioning of the entire system
used by the crew.

Currently, marine propulsion systems are based on heat engines that operate on a
diesel cycle. They have become one of the main options for this type of application. The
main advantages of comparative diesel engines in contrast to other propulsion systems
based on engines using a thermodynamic cycle are: low specific consumption of resid-
ual fuels and higher thermal efficiency. Modern merchant ships use marine propulsion
systems equipped with ultra-long-stroke diesel engines that directly drive large, slow-
running propellers [1-4]. Such systems use fewer cylinders and generate more power at
lower shaft speeds, resulting in better propulsion performance as well as low repair and
maintenance costs. However, it also causes higher torsional oscillations in long elements,
which can lead to fatigue of the drive shafts [5-12]. Tests on various marine propulsion
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systems with five to seven cylinder engines have shown that engines with fewer cylinders
have a correspondingly wider transverse barred speed range (BSR) and higher torsional
stresses [1].

Warships and cruise ships have higher demands on vibration and acoustic construction.
Therefore, the study of vibration characteristics and the transmission mechanism is essential
for damping vibrations and ensuring the safe operation of ships. The paper [13] presents a
model of suspended shafts formulated with the use of the analytical method. The shaft is
simplified to a beam with a non-uniform cross section, while the bearings are considered
as springs.

The reliability of propulsion shafting systems is a serious problem for ocean-going
vessels because repairs in the middle of the ocean can be time consuming and spare parts
must be available [14-17]. Analysis of this problem was carried out with the use of vibra-
tion modeling and experimental measurements on the propeller shaft system [14]. The
analysis was aimed at identifying the sources of failure of the flexible coupling connecting
the diesel engine with the intermediate shaft. Torsional oscillations in the flexible coupling
increased dramatically and then stopped abruptly. The modeling results showed that fric-
tion losses during power transmission through universal joints can act as a force inducing
self-excited vibrations.

A simulation approach to mapping the ship’s movements on the wave, in interaction
with the behavior of the propulsion system (diesel engine and propeller), was used in [18].
The final goal was to develop a possibly complete simulator that would enable the main
engine thermodynamics to be analyzed in various sea conditions, also in the unfavorable
case of hull dynamic instability, and to properly manage other propulsion components.
The latter aspect is of particular interest in some of the recent new power solutions for the
decarbonization of ships, such as battery powered auxiliary electric motors to aid traditional
diesel-mechanical propulsion (especially in difficult weather conditions). From this point
of view, a proper analysis of the engine’s dynamic performance, which is influenced by
individual sea states, is of fundamental importance for the intelligent management and
control of shaft generators and auxiliary electric motors and batteries [18].

Strong vibrations of the ship’s propeller shaft may evidently affect the dynamic re-
sponse of the propulsion system and deteriorate the ship’s performance [19,20]. As vibra-
tions form pairs that interact with each other, a better understanding of related vibrations
is essential for dynamic prediction to improve the performance and reliability of a marine
propulsion system. The paper [19] proposes the study of coupled torsional-longitudinal
vibrations of the shaft with the use of the solid method. The theoretical solution of coupled
ordinary differential equations shows the accuracy of the proposed model.

Currently, much emphasis is placed on reducing energy consumption and harmful gas
emissions from internal combustion engines [21]. Current control technology allows the
operating mode to be adapted to the currently required output parameters, while tuning of
mechanical systems for torsional vibration is often ignored. Semi-active torsional vibration
isolation systems are being developed using pneumatic flexible couplings with an angle of
twist continuous adjustment [21].

Calculations of non-smooth contact-based nonlinear autonomous systems susceptible
to mono-instability have been proposed in [22]. For the calculations, the method for
determining periodic solutions of self-excited mechanical systems subjected to vibrations
caused by friction was used.

The dynamics of the movement of a sea-going vessel depends on the dynamics of
the propulsion system. Securing the operation of all ship subsystems and the comfortable
functioning of the crew depend on the efficient supply of electricity to the ship’s subsystems.
There are two important criteria to consider when solving this problem. The first criterion
concerns the consideration of the maximum energy efficiency in the system. The second
criterion is to maintain the maximum reliability of the entire system.

The mechanical energy is transferred from the engine to the ship propeller via a long
drive shaft of various diameters, which is part of a complex motion transmission considered
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as a shafting system. Part of the mechanical energy is extracted from the ship’s motion
transmission system to be converted into electrical energy. Shaft generators are used for
this purpose. Generally, various types of generators are used as shaft generators: DC
generators, asynchronous generators, synchronous generators and others. Each of the
listed types of generators has advantages and disadvantages. Analyzing the properties
of the generators [3], it was decided that in the transmission systems of sea-going ships a
synchronous generator, which ensures high quality of the generated electricity, should be
used. Synchronous generators are characterized by an absolutely rigid static mechanical
characteristic curve and provide the possibility of adjusting the reactive power in the
electric power grid of a sea-going vessel depending on the value of the excitation current.
Thanks to this property, the maximum voltage stabilization of the network of a sea-going
vessel is achieved [23,24].

There are many schemes showing the mechanical energy take-up from the propulsion
of a sea-going vessel [15,18,23]. In this work, two general types of mechanical energy
take-up from the propulsion system of a sea-going vessel have been distinguished. The first
one consists of receiving the mechanical energy with the use of special reducers included
in the motion transmission system (Figure 1a). The second method of receiving mechanical
energy consists of mounting the excitation winding of a synchronous generator directly on
a long shaft connecting the drive engine with the ship propeller (Figure 1b).
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Figure 1. Ship propulsion with motion transmission for two types of mechanical power take-up:
(a) connection of the shaft generator through a reducer to the propeller shaft (first type), (b) connection
of the shaft generator directly to the propeller shaft (second type).

The following markings are used in Figure 1: 1—drive engine, 2—ship propeller,
3—shalft generator, 4—reducer. Each of the types presented has advantages and disadvan-
tages. The main advantage of connecting the shaft generator with the reducer results from
the fact that the long shaft can rotate at a low rotational speed up to 100-300 rpm [23]. The
disadvantage of this solution is the need to use an additional reducer. This decreases the
reliability of the motion transmission. When the shaft generator rotor is mounted directly
on the transmission shaft, a large number of pole pairs of the synchronous generator is
necessary at low shaft speeds. This solution significantly increases the size and weight of
the synchronous generator. At higher shaft speeds, it is necessary to use a small diameter
ship propeller with variable blade geometry. The choice of the motion transmission of
the sea-going vessel propulsion system and its shaft generator is of course a complicated
issue. During the selection process, several aspects should be considered: the economic
aspect, operating costs, system reliability, quality of generated electricity, etc. It is not the
purpose of this paper to perform a comparative analysis of the presented types of energy
take-up from the propulsion system of a sea-going vessel. Transient processes in motion
transmission with the mechanical energy take-up by the generator rotor, considered as an
element of the propeller shaft of a sea-going vessel, were analyzed. The analyzed drive
system is shown in Figure 1b.

The aim of the work is to develop a mathematical model of the complex motion trans-
mission of the propulsion system of a sea-going vessel as an electromechanical system with
distributed mechanical parameters [25,26]. The analyzed motion transmission includes: the
output shaft of the drive engine, flexible coupling, a long shaft containing elastic compo-
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nents and a ship propeller with variable blade geometry. In the electromechanical systems
of ships, an important problem arises regarding the voltage stabilization of the autonomous
network in terms of mechanical oscillation processes in the ship’s main propeller shaft. The
influence of mechanical torsional oscillations in the shaft causes a significant deterioration
of the quality of electricity, especially in the states of resonance and close to resonance.
It leads to a decrease in the reliability of the entire object. Therefore, the mathematical
model of the ship’s shaft generator prototype developed in this article, taking into account
the susceptible transmission of motion with mechanical distributed parameters, makes
it possible to analyze the problem mentioned above. The proposed model enables the
analysis of both the theory of the mechanical field and the theory of electromagnetic circuits
of a synchronous generator at a high level. On the basis of the developed model, modeling
of electromechanical transient processes in the components of the motion transmission of
a sea-going vessel was performed. The methods that will allow easy detection of early
damage in ship propulsion systems are searched for. The presented method is an alternative
method based on the use of the Hamilton-Ostrogradsky principle, which is an innovative
approach describing the problem at the level of electromechanical energy conversion.

2. Mathematical Model of the Object

The mathematical model of motion transmission is formulated on the basis of the
general theory of the mechanical field, which is based on the principles of the analytical
mechanics of continual systems. On the basis of the ship shaft generator model developed in
the article, at the level of systems with distributed parameters, complex dynamic processes
in the shafting system of ship motion transmission were modeled and analyzed, as well as
the influence of the latter on the qualitative and quantitative characteristics of the electricity
power system of the facility. The developed model of the shaft generator is based on the
modified Hamilton-Ostrogradsky principle, developed in our previous works [5,6,23,27].
This approach gives the simulation processes carried out at work on the energy level
an original character on the energy level. Therefore, the general equation of rotational
motion of a long shaft is used, which is presented on the basis of interdisciplinary variation
approaches in the works [5,6,9,27-31]. At the ends of each elastic element of the shafting
system, the first (Dirichlet), second (Neuman) and third (Poincaré) boundary conditions
are added to the shaft equations, based on the famous d’Alembert’s principle [23,32].

Figure 2 shows a kinematic diagram of motion transmission in the ship’s propulsion
(see Figure 1b).
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Figure 2. Kinematic diagram of motion transmission in the propulsion of the ship.

The following symbols are used in Figure 2: Mr is torque of the drive engine including
gearing, My is load torque of the propulsion, mf is distributed electromagnetic torque of
the shaft generator, [T is moment of inertia of the drive engine including gearing, [y is
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moment of inertia of the working mechanism (ship propeller), L1, ..., Ly are lengths of
respective elements of the shaft, c; » is stiffness coefficient of the flexible coupling, vy, is
dissipation factor of the flexible coupling, x is spatial coordinate.

The general equation of motion of the rotating system, taking into account long elastic
elements, can be presented in the form [23,33]:

Poj  GPg &G Pop 1
9f2 0; ox2 Pj]P,j dx2ot p]‘]p,]'

mE,j,j:1,2,3,4, m1:m2:m450 (1)

where j is number of long elastic elements in the shafting system, ¢(x,t) is function of the
angle of the shaft rotation, p is mass density of the shaft elements, Jp is polar moment of
area of the shafts, G is shear modulus, ¢ is internal dissipation coefficient, t is time.

We write boundary conditions for Equation (1) on the basis of d’Alembert’s principle [23]:

Ogr 991 Py _
Jr—2 = Glm Er LT e B Mt @
991 1 9¢1(L1,t) — 992(0,8) _
Glp1 axi |y~ oo |, +e12(p1(L1,t) = @2(0,8)) + 11, Y m =0 ®)
992 P 9p1(L1,t) _ 992(0,1) _
Gle2 5~ NI 77 N c12(1(L,t) — 92(0,1)) —vi2 5 5 =0 4)
992 ) I3 93
GJp2 5~ +¢ =GJpz 5~ ¢ ©)
x> Xo=1, 0tdxy P dx3 x3=Ls dtdxs X3=Ls
993 g3 94 0%y
GJp3 =~ ¢ = GJpa5— (6)
aX3 X3:L3 ataX3 X3:L3 aX4 X4:O atax4 X4:0
PN 994 %4
- + GJps =—— =M 7
N5 Jps oxs |, 1, éatax4 - N @)

The system of Equations (1)—(7) creates a mixed (boundary) task. Equation (1) describes
the physical processes in the shafting system (see Figure 2). Expressions (2)—(7) describe
the boundary conditions for Equation (1).

An important problem in the implementation of the mixed task is the method of
integrating the system of Equations (1)-(7). Therefore, the method of discretization of
spatial coordinates using the method of straight lines [23] is used as follows:

%9 _ 91— 29+ @ina 99 _ Piy1— Qi1 ®)
dx? (Ax)? ’ dx 2(Ax)
where i is the number of the derivative discretization point and Ax is the discretization step.
In order to improve the visualization of the discretization process, Figure 3 shows a
computational diagram of the ship motion transmission prototype.
1 12 13 31 41 42 o9 60 80 90
* @ 0% % 9 o 2% % ¢ ® % *+ o [
(1) (12)(13) (41)(42) (59) (60) (90)

Figure 3. Computational diagram of shafting system discretization.
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Figure 3 shows n = 90 discretization nodes. Virtual nodes of discretization of spatial
derivatives are marked with asterisks [7,23]. The virtual node numbers in the lower part
of Figure 3 are shown in parentheses. Some real node numbers are shown at the top of
Figure 3 as numbers without parentheses.

Using the system of Equations (1)-(7) and dependency (8), taking into account Figure 3,
the system of discretized ordinary differential equations was determined. These equations
describe the mathematical model of motion transmission occurring in the shafting system:

dwi  2[AxMr — Jp1G(@1 — @2) — G(w1 — wy)]

=1 _ 9
dt (Jp1pAx +2]1)Ax ©)
dwi, _ —2[Ax(c12(P12 — ¢13) + Vip(wi2 — wi3))] n 2[Jp1G(@11 — @12) + (w1 — w1p)] (10)
dt Jp1p(Ax)? Jp1p(Ax)?
dwis _ 2[Ax(c12(912 — 913) +vip(wiz — wi3))] 2 G153 — @1a) + & (w13 — wis)] (1)
at Jpap(Bx)? Jrap(Ax)?
Jp2@a1 + Jp3 a3 Jpowa1 + Jpawass
_ [P T Ipsfas o, IPatar T P33 12
a2 Jp2 + Jp3 Wiz Jp2 + Jp3 12)
Jp3@ss + Jpa@eo Jp3wsg + Jpawso
— [p3Pss TIPade0 -, JP3WS8 T IPateo 13
P Jp3 + Jpa Jp3 + Jpa 13)
dwgy _ 2[=AxMy + JpaG (@89 — ¢o0) + E(ws9 — wap)] (14)
dt (JpapAx +2]Nn)Ax
dwi
o = %i(wis1 = 2w + wis1) + (@1 — 29+ @iv1) —m; (15)
where : G
Mg
gi=— b= py= ME (16)
"oprm(ax)® T p(ax)? p(Ax)?

where m;—internal friction moment of individual sections of the shaft (Figure 2) where
i € {1,2,3,4}. As the shaft generator is located on Section 3 of the shaft, it was assumed for
the remaining sections of the shaft (Sections 1, 2 and 4) that the internal friction moments
were equal to 0.

i=2-11,j=1; i=14—41,j=2; i=43-58,j=3; i=60—90,j=4 (17)

d
%:wk, where k=1—41, 4358, 60— 90 (18)

where wy is angular velocity of discrete nodes of the mechanical system for n = k; @y is
angle of rotation of discrete nodes for n = k.

Analyzing Equation (16), it can be noticed that to solve the system of Equations (1)—(7),
an unknown function, which describes the electromagnetic torque of the shaft generator,
should be calculated. Therefore, a mathematical model of a salient-pole synchronous gen-
erator in phase coordinates [34], which is loaded with resistive-inductive loads (simplified
ship network model), was developed. In this case, for each stator phase winding, the
phase resistance was connected in series with the load resistance, and the phase leakage
inductance was connected with the load inductance.

Based on Kirchhoff’s voltage law and the Faraday principle of electromagnetic induc-
tion, for a conventional synchronous generator with a three-phase stator winding and an
excitation winding and two damping windings in the rotor, we write the equations for the
stator (armature) and rotor circuits [23]:

a5 Al
dt

= —ug — ryig, 7 —UR— roRiR (19)
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ug = (O,O)T,

where Y is vector of total flux linkages, u is vector of phase voltages, i is vector of phase
currents, r is resistance matrix, subscript S applies to the stator winding and R applies to
the rotor winding.

The elements of vectors and matrices in Equation (19) are as follows:

Y5 = (¥sa, ¥sp)', ¥r = (¥p, ‘YQ,‘I'f)T, is = (isa, isg)’,  ir = (ip, iQ,if)T (20)

ug = (0,0, uf)T, ry = diag(rs +ry, s +ry), rr =diag(rp, ro, 7¢) (21)

where D refers to the damping winding along the direct coordinate, Q refers to the damping
winding along the quadrature coordinate, f refers to the excitation winding along the direct
coordinate, ry is the load resistance.

The stator phase windings are star-connected. Therefore, on the basis of Kirchhoff’s
current law, it can be written:

isa+ isp +isc =0 = isc = —isa —isB (22)

Equation (22) is analyzed as an equation of scleronomic constraints. This makes it
possible to eliminate the C-phase winding equation.

According to the definition, we write the expression for calculation of the full flux
linkages of the shaft generator:

Ys = Lyis +s; ¥r = Lorir +BYy (23)

where Ly, is matrix of stator winding leakage inductances increased by inductances oc-
curring in the ship network load, Ly is matrix of rotor winding leakage inductance, B is
topological matrix, 1 is vector of main flux linkages.

The elements of vectors and matrix in Equation (23) are as follows:

Ws = (Wsa, Wsp)', Wr = (g, %)T/ Ly = diag(Las + Ly, Las +Lua)  (24)

10 1]
LO'R = diag(LO'D/ LO‘Q/ LO’f)r B= |: 01 0 :| (25)
Using the Park transform, we write the equations of scleronomic constraints between

the flux linkages of the stator and rotor of the generator:

Pr = Mg =Py, Ps = g (26)
= 2 | —sin(y — 1200) SNy | 1o Cos 7y _ _—siny | @)
V3| —cos(y —120°) | cosy cos(y —120°) | —sin(y — 120°)

where IT is Park matrix and vy is average angle of rotation of the shaft generator rotor. The
superscript ! indicates the transformed Park coordinate system.

The average angle of rotation of the shaft generator rotor (see Figure 3) is determined
from the following dependency:

M
'21 Pjra1
= M =18 (28)

The vector of rotor flux linkages is determined according to the definition [23] and
Equations (23) and (26):

g = Lyin = Ly (i + BTig) = Loy (aw ¥ + BTt ¥r — (o + BT etorB )z ), (29)
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where L, is matrix of generator magnetization inductances and i, is vector of generator
magnetizing currents, taking into account the armature reaction,

1 1
=di , =di , 30
oy iag(ay, ox) 1ag(Lo(S T In’ Last LH) (30)
. . 1 1 1
0GR = d1ag(ocGD, AeQ, occ,f): d1ag<LUD, @, L(;f> (31)

The vector of flux linkages of the generator is calculated from the dependency (29):

br = M(o¥! 4 Braor¥r), M= (1+Ly(ax +BlagB)) L ()

Taking into account the generator magnetization curve:

L, = diag(Ly, Ly) = diag(l, 1) (33)

Xg Oy
the matrix M is simplified as follows:
1
M= [ Ocd-i-OCz-i-OcD-‘rO(f . ‘| (34)
xgtag+oag

Based on the dependencies (23) and (32), the expressions defining the currents in the
shaft generator windings are obtained:

is = as (‘I’S — n—le) — as (‘1’5 - n—lM(aZYE + BT%R‘I’R)) (35)
ir = aor(¥r — Bg) = aor (‘I’R - BM(ocz‘I’gl + BT%RTR)) (36)

where in
n'nm=mnma't=1 (37)

On this basis, a system of differential equations of electromagnetic transient processes
in a shaft generator can be derived:

d% = —us —ryan (¥s — T M (as¥h + Blagr¥r) ) (38)
d;LtR = ug — rorctor (¥r — BM(ar ¥l + Bloor ¥ ) ) (39)

The electromagnetic torque Mgy of the generator is determined according to the
equation [23]:
Mem = V3po(bspisa — Wsaisp) (40)

Finally, the distributed torque mp of the shaft generator is determined by the relationship:

M
meg = LEg,M

(41)

The following system of ordinary differential equations is subject to common integra-
tion: (9)-(11), (14), (15), (18), (38), (39) with the following dependencies: (12), (13), (16), (17),
(20)+(22), (24), (25), (27), (28), (30)—(36), (40), (41).
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3. Computer Simulation Results

For the modeling of electromechanical transient processes in the long propeller shaft
of the ship, the prototype of the second type of motion transmission (see Figure 1b) was
used, the kinematic diagram of which is shown in Figure 2.

The motion transmission was started by a drive engine (steam or gas turbine, internal
combustion engine, etc.) through epicyclic gearing. The experiments were performed as
follows. The propulsion was started by applying two moments at the ends of the motion
transmission system. The angular speed of the drive engine was approximated by the
exponential function of time: wy = 316(1 — exp(—0.05¢>%))/po, where pg is number of pole
pairs of the shaft generator. At the same time, the shaft generator was disconnected from
the ship’s network. During the start, the voltage of the excitation winding was reduced to
70% of the rated voltage. The generator was started from idle. Once the rotor neared the
synchronous speed, the generator was connected to the ship’s power grid. The resistive-
inductive load as well as the excitation voltage were increased to the rated values. Then,
the symmetrical three-phase short-circuit condition of the machine armature windings was
analyzed. In a real system, the power-system automation would disconnect the generator
from the grid and from the excitation voltage source. During modeling, the short circuit
was deliberately extended to 7 s.

The results of the computer simulation of the ship’s motion transmission system are
presented in the form of graphs, which are the subject of the analysis. The non-stationary
dependencies of both mechanical and electrical functions, which describe one electrome-
chanical system, are presented. One system of differential equations was integrated by the
4th order explicit Runge-Kutta method.

The parameters of the system shown in Figure 2 are as follows.

Motion transmission parameters: lengths of shafting elements are L1 =1.65m, L, =4.20 m,
Lz =1.65 m, Ly = 1.65 m, diameters of shafting elements are D; = 0.65 m, D = 0.30 m,
D3 =0.75m, Dy = 0.30 m, N = 90, J7 = 2000 N-m?, [y = 3000 N-m?, G = 8.1-10'0 N-m?,
¢ =3000 N-m?'s, c; » = 200,000 N-m, v1 5 = 2000 N-m:s.

Shaft generator parameters are Uy = 6 kV, UfN =42V, PNy = 630 kW, wq = 314 s 1
rs=540,1,=0252Q,rp=542Q,rg=5420, L5s=0.016 H, Lo =0.029 H, Lsp = 0.02 H,
Lsg=001H,L;=023H,L;=0,16 H,pg =4, ry =75, Ly = 0.015 H.

Figure 4 shows the instantaneous angular velocity of the middle part of shafting
system no. 3 (see Figure 2) of the ship’s motion transmission system.

80—
Q
-‘3 60—
3 i
D
Q 40—
(7]
C_‘E -
>
2 20
<
0 \ \ \ \
0 5 10 15 20

Time t (s)

Figure 4. The instantaneous angular velocity of the center of the shaft generator rotor.
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Within the time interval ¢ € (0;10) s, the analysis of the ship’s propulsion start-up was
performed. The input shaft of the gearing was brought to the rotational speed according
to the exponential forcing function of the drive engine. When analyzing the physical
processes in the long drive shaft, appearing oscillations can be noticed. This indicates the
complicated nature of the mechanical wave along the motion transmission system. Once
the rotor neared the synchronous speed, a symmetrical resistive-inductive load in a star
connection was applied to the generator windings at t = 10 s. At the same time, the value of
the excitation voltage was increased to the rated value. After the appearance of the electric
load of the shaft generator, the mechanical load of the drive engine increased, which in turn
resulted in a reduction of the rotational speed of the drive shaft by approx. 2%. Then, after
the system entered the steady state, a symmetrical three-phase short-circuit condition of the
generator occurred at the time t = 15 s. In the steady short-circuit condition, the generator’s
electromagnetic torque decreases almost three to four times, which in turn reduces the load
on the drive engine. Under such conditions, it becomes obvious that the rotational speed of
the propeller shaft should increase, as shown in Figure 4.

Figure 5 shows the instantaneous A-phase voltage of the shaft generator.

Voltage usa (kV)

’ ( ’ ( ’ ( ’ (
0 5 10 15 20

Time t (s)
Figure 5. Instantaneous A-phase voltage of the shaft generator armature.

During the start-up of the ship’s propulsion, the generator armature winding was
opened. The shaft generator was accelerating when idle. After reaching the rated voltage,
the generator was loaded. In order to maintain the rated value of the armature voltage
when the electrical load is applied, the excitation voltage of the generator is increased. At
the time ¢ = 10 s, the voltage value at the shaft generator terminals increased by 50%. This
voltage step is associated with an increase in the electromotive force (EMF). Consequently,
this causes an increase in the generator’s currents and electromagnetic torque. When the
generator goes into a short-circuit condition, the voltage at the armature terminals drops
to zero.

During the system start-up, the armature winding was open; therefore, the current in
the armature winding did not flow (Figure 6).
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Figure 6. Instantaneous current in the A-phase winding of the shaft generator armature.

In order to excite a magnetic field in the shaft generator, a current, if, flows in the
excitation winding. Its time course is shown in Figure 7.

400+

300

Current i (A)
N
o
T

0 I \ I \

Time t (s)

Figure 7. The instantaneous current in the excitation winding of the shaft generator rotor.

The value of the excitation current was lowered to a value that allowed the generator
armature voltage to stabilize at the rated voltage level (see Figure 5). At the time of loading,
the currents in the armature windings increased, and after approx. 2.5 s, they reached
their steady-state rated value. A similar situation occurs in the case of the shaft generator
excitation current.

A completely different situation occurs in the case of a synchronous generator short-
circuit condition in the time ¢ > 15 s. Then, a surge short-circuit current begins to flow
in the generator windings, which is very dangerous for the generator. In addition to
thermal damage to the insulation of the stator and rotor wires, the surge current also
causes mechanical stresses in the generator, which can damage the generator. In such cases,
the power-system automation should disconnect the generator from the ship’s electricity
network. DC voltage supplying the excitation winding of the generator should also be
turned off. After 2.5 s from the generator’s short-circuit beginning, steady short-circuit
currents flow in its stator (armature) windings, the value of which is usually about 2-3 times
higher than the rated one.

Figure 8 shows the instantaneous flux linkage for the A-phase armature winding of
the shaft generator.
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Figure 8. The instantaneous flux linkage for the A-phase armature winding of the shaft generator.

Figure 9 shows the instantaneous flux linkage for the generator excitation winding.
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Figure 9. The instantaneous flux linkage for the excitation winding of the shaft generator.

From a scientific point of view, based on the interpretation of the time courses pre-
sented in Figures 8 and 9, it is possible to determine the nature and time courses of the
electromotive forces induced in the armature and rotor windings, because the time deriva-
tives of the analyzed flux linkages according to Faraday’s law represents the induced
electromotive forces, i.e., the main energy sources of the shaft generator.

Figure 10 show the instantaneous moments of torsion in the centers of the second and
fourth parts of the long drive shaft.

Analyzing Figure 10 it was noticed that during the system start-up (0 <t < 10s), the
amplitudes of the torsional oscillations of the second part of the long shaft are greater by
about 20% compared to the fourth part of the long shaft. The situation is opposite when
the shaft generator is operated under load and when the shaft generator is short-circuited.
The amplitude of the torsional oscillations of the fourth part of the long shaft is then almost
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7 times greater than the amplitude of the oscillation of the second part of the long shaft.
This is directly related to the location of the fourth part of the shaft, which is directly in
front of the shaft generator and is connected to the propeller.

0 0
E -50 T -50
b4 b4
=3 =
a o
= -100 S -100
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£ -150 g -150
g 2
B B
g -200 g ~200
—250 \ \ \ \ —250 \ \ \ \
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Time t (s) Time t (s)
(a) (b)

Figure 10. The instantaneous moment of torsion of the (a) second shaft and (b) fourth shaft of the
ship’s motion transmission.

Figure 11 shows the instantaneous internal friction moment in the second and fourth
parts of the long shaft transmitting the motion.
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Figure 11. Instantaneous internal friction moment in the: (a) second shaft and (b) fourth shaft of the
ship’s motion transmission.

The justification for the occurrence of the maximum friction moment in the fourth part
of the long drive shaft (Figure 11) is the same as in the case of the previously described
oscillations of torsional moment, shown in Figure 10. Figure 12 shows the instantaneous
electromagnetic torque of the shaft synchronous generator.

Since the electromagnetic torque depends on the currents in the stator windings (see
Equation (40)), Figure 12 should be considered together with Figure 6. The joint analysis of
Figures 6 and 12 fully characterizes the principles of electromechanical energy conversion
in a shaft generator. At the time of connection of the resistive-inductive load (f = 10 s), a
rapid increase in the torque can be seen, the value of which exponentially decreases to
the steady level. Then, at t = 15 s, a symmetrical three-phase short-circuit of the armature
windings takes place. This short-circuit creates a very high impact electromagnetic torque,
which also decreases exponentially to a steady level. It should be noted that in the case
of conventional generators the described operating state is an emergency. On the other
hand, there are enhanced synchronous generators for which the short-circuit condition is
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not an emergency. These are so-called surge generators. The task of surge generators is
to generate a large portion of electromagnetic energy in a short time. Similar phenomena
occur during the acceleration of nuclear particles. In the described case, the short-circuit
condition is mathematically modeled assuming no trip of the shaft generator protections.
The idea of examining the generator short-circuit condition results from the need to analyze
the transient states of the ship’s motion transmission.
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Figure 12. The instantaneous electromagnetic torque of the shaft generator.

Figure 13 shows the angle of rotation of the long drive shaft as a function of the
shaft length during a three-phase symmetrical short circuit of the shaft generator armature
windings for 15.1 s.

0.08—

0.06—

0.04—

0.02—

Shatft rotation angle waveform A¢ (rad)

O T [ T [ T [ T [
0 2.87 5.74 8.61 11.48
Shaft lenght x (m)

Figure 13. Angle of rotation of the long drive shaft as a function of the shaft length during a
three-phase symmetrical short circuit for t = 15.1 s.
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The angle of rotation shown in Figure 13 provides information on the torsional mo-
ments in individual parts of the long propeller shaft, which, from the point of view of
shaft strength, is an important element for the entire motion transmission. When analyzing
Figure 13, it can be seen that the flexible coupling is the most loaded (x = 1.66 m). The fourth
part of the long propeller shaft is also heavily loaded (see Figures 10b and 11b). The third
part of the long propeller shaft (generator rotor) is characterized by a low twisting load.

4. Conclusions

Mathematical modeling of transient processes in complex rotating systems that contain
long elastic elements can be carried out on the basis of general equations of motion that
describe physical processes in a mechanical system with distributed parameters. Contrary
to the general Lagrange theory relating to a system with lumped parameters, the method
proposed in the paper makes it possible to take into account the movement of a mechanical
wave along a drive shaft. This approach with the use of mechanical field theory describes
at a higher level of adequacy the dynamic processes in motion transmissions in propulsion
systems with shaft generators on ships.

For the analysis of transient processes in a ship’s shaft generators, mathematical
models of electrical machines in phase coordinates can be used, which in the general case
extends the scope of use of the model. An example is the asymmetric operating states of
the generator as one of the most important elements of the ship’s power system.

Based on the results of the computer simulation with the use of the mathematical
model of the ship’s motion transmission, the following conclusions were developed:

e incorrectly estimated parameters of the flexible coupling and long shafts of the ship’s
motion transmission may lead to an increase in the amplitude of rotational speed
oscillations and torsional moments oscillations, which is a very dangerous state of
the system operation; the situation becomes even more complicated in the case of
resonance or resonance-like phenomena;

e emergency operating states of the shaft generator, e.g., connecting to the network
the generator in a short-circuit condition, significantly affect, on the one hand, the
operation of the ship’s power system and, on the other hand, increase the amplitude of
torsional oscillations in the rotating elastic elements of the ship’s motion transmission;

e the presentation of spatial distributions of the analyzed mechanical functions, includ-
ing the time courses of the angle of the long drive shaft rotation, makes it possible to
improve the principles of optimizing the parameters of motion transmission; moreover,
it is an important element in the analysis of the parameters of the flexible transmission
coupling and the operation of the shaft generator.
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Nomenclature

Parameters and variables

Vi coefficient of energy dissipation in the flexible coupling
o(x,t) function of the angle of the shaft rotation
0 volumetric mass density of elements of the shafting system
¢ internal dissipation factor
Ax discretization step
wy angular speed of discrete nodes of the mechanical system for n = k
Pk angle of rotation of discrete nodes for n =k
Y vector of total flux linkages
VP vector of main flux linkages
I1 Park matrix
Y average angle of rotation of a shaft generator rotor
B topological matrix
12 stiffness factor of a flexible coupling
G shear modulus
i number of the derivative discretization point
i vector of phase currents
i vector of the generator magnetizing currents, taking into account the
armature reaction
j number of long elastic elements in the shafting system
In moment of inertia of the load mechanism (propeller)
Ip polar moment of area of the shafts
JT moment of inertia of the drive engine, taking into account the gearing
Ly matrix of stator winding leakage inductances increased by inductances
occurring in the ship’s network load
Lsr matrix of rotor winding leakage inductances
Li1-Ly4 lengths of respective elements of the shaft
Lm matrix of the total magnetization inductances of the generator
Mg distributed electromagnetic torque of the shaft generator
MEepm electromagnetic torque of the generator
My propulsion load torque
Mr torque of the drive engine including the gearing
r matrix of resistances
ry generator load resistance
t time
u vector of phase voltages
x current spatial coordinate
Subscripts
D subscript for the damping winding along the direct coordinate d
Q subscript for the damping winding along the quadrature coordinate g
f subscript for the excitation winding along the direct coordinate d
R subscript for the parameters of the rotor winding
S subscript for the parameters of the stator winding
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