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Abstract — The ship’s power systems have limited power. It
consists of separate consumers with power commensurable with
generators’ power. Thus, the powerful consumers worsen the quality
of power and especially strong is this worsening in the presence of
electric propulsion power system. In this article, it is presented
mathematical model of four node ship’s power system, including four
generators, electric propulsion system based on induction propulsion
motor, supplied by frequency’s converter. With the use of the models
are investigated different working regimes of propulsion system and
ship’s power system. Some of received results are presented in the
article including the frequency’s spectrum of regime’s parameters.
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1. INTRODUCTION

HE contemporary ship’s power systems become more

powerful due to increase of the consumer’s power and in
the presence of electrical propulsion system, voltages over
1000 V are used. The electro drives, especially the propulsion
power systems, draw the largest power. There is increase in the
use of regulated drives, controlled with the help of converters
representing non-linear load.

The ship’s power systems have limited power and the
separate consumers have power commensurable with the
power of the generators. Thus the powerful consumers worsen
the power quality and especially strong is this worsening in the
presence of electrical propulsion power system [1,2].

Significant part of used electronic devices (control systems,
controllers, navigation devices etc.) are sensitive in regard of
power quality and the problems caused by the use of power
electronics. The work of electrical machines, cable nets and
condensers is worsen as well.

There are problems with power quality not only in the
static working regime but they increase significantly by
switching. The harmful consequences of the bad quality could
also be summarized as disturbances in the work of electronic
equipment; increase of reactive losses; worsening of insulation
and even damage of equipment; immerge of resonance effects.

In order to overcome the harmful influence of electricity’s
bad quality different resources are used: application of
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multiphase electrical machines and static converters; specific
control of static converters; simple and active filters; parallel,
consecutive and combine system devices; power quality
conditioners [3,4].

In order to choose a concrete resource for improvement of
electricity’s quality and its control it is necessary to investigate
the working regimes of ship’s power system and the indices of
quality of electricity in static and dynamic regimes.

Two methods for assessment of electricity’s quality are
used — through measurement of qualitative indices of
electricity in reals systems (after their development) [5,6,7],
and through mathematical modelling of processes (by design
of the systems) [8,9].

The modelling of the processes in the unified ship’s power
systems, containing electrical propulsion, enables the
performance of primary accurate evaluation of electromagnetic
compatibility in that systems [8,9].

In most publications about investigation of the electricity’s
quality are used approximate methods or simplified schemes or
models. In [8] are used accurate models of power system’s
elements (synchronous generator, static converter and
induction motor) but the investigated system is one node and
contains generator and motor.

In this article is presented a model of 4-nodes unified
ship’s power system, including electrical propulsion system, 4
synchronous generators (with different electric power) and
equivalent static and dynamic loads included in circle
distribution network.

Using the proposed model are investigated the normal and
average regimes caused by different types of disturbances
outlining part of received results and qualitative indices of
electricity.

II. INVESTIGATED SHIP’S POWER SYSTEM

Fig.1. presents the scheme of investigated ship’s power
system. The ship’s power system has two generators SG2 and
SG4 with power 670 kVA and two generators SG1 and SG3
with power 910 kVA. The propulsion power system consists
of propulsion induction motor with power of 1500 kVA and
back-to back converter. In each knot of the system are
connected equivalent static loads with power of P=100 kW
and Q=10 kVA. The resistances of the lines connecting the
generators in closed contour. On the figure with arrows are
indicated the directions of the system’s elements currents and
the lines of distribution network.
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Fig.1. Scheme of investigated ship’s power system

III. MATHEMATICAL MODEL OF THE INVESTIGATED SHIP’S
POWER SYSTEM

For the targets of the investigations we will use an
universal algorithm for transient electromechanical processes
calculation in power systems with arbitrary elements number
and network structure [13,14,15]. In this algorithm, elements
models (synchronous generator and static load) are written in
Cauchy form.

A. Model of Synchronous Generator

The model of the synchronous generator will have the
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where: subscript S refers to the stator parameters and variables,
and subscript r - rotor; the elements of matrices and vectors
Hgj and Bgj are in function of the stator and rotor resistance
and inductive impedance and the rotor angular speed
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d,q0 j @kj (Hej function and currents); ij - diesel engine
torque; Tg j- the generator electromagnetic torque; 7p, i the
diesel and generator mechanical time constant; Uyj - field
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voltage; Ugj- vector of stator voltage;

generator number.

B. Model of Induction Motor

The model of the induction motor will have the following
shape:
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where: subscript S refers to the stator parameters and variables,
and subscript I - rotor; the elements of matrices and vectors H
and B are in function of the stator and rotor resistance of motor
and inductive impedance and the rotor angular speed
d,9,0 @y (Hg;j function and currents); U pm j - vector of stator

voltage, Tmj - the mechanical time constant of load and motor,
Tbj =k j 'a)%j - mechanical breaking moment of pump, Tp; -

electrical torque of motor; the elements of matrices and vectors
A and B are in function of the stator and rotor resistance of
motor and inductive impedance and the rotor angular speed
oy and axes d,09,0 @y ; j =12,34 - motor number.

C. Model of RL Load
a
dt

where: ajjand bjjare function of active and inductive

ILj=ALj‘ILj+BLj'ULj:HLj+BLj'ULj (3)

resistance of symmetrical load and angle speed of rotating
coordinate system d,q,0 :; ri, |} - active and inductive

resistance of load; j =1,2,34 - number of loads.

D. Model of Transmission Lines

d
TLij = Ariij -l * Bruij (ui 'Uj)=

— 1
dt
= Hoyjj + Bryj - Ujj

“)

where: j =1,234 - number of lines; a; j and by jare function of

active and inductive resistance of transmission line and angle
speed of rotating coordinate system d,q0; U;, U j - voltage

vector of adjacent node of network; Hryjj = Arjj - ILij-

E. Model of Distribution Network

The above-mentioned models of the ship's power system
components, representing differential equation systems, are
presented in the form of Cauchy so that they can be explored
using explicit numerical integration methods.

On the right side of these systems there are unknown
voltage vectors at the nodes of the distribution network. At
first, the circular distribution network lines are topologically
sorted into branches of tree (lines 1, 2, 3) and the chord (line
TL34).

These voltages are calculated by the non-iterative
algorithm proposed in [13,14,15]. Its essence consists in
writing Kirchhoff’s first law in differential form and excluding
the derivatives of the currents through the right parts of the
differential equation systems of the elements (1), (2), (3).
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Using the derived algebraic equation, the voltage of the first
node is calculated. Then, with the help of the equations of the
lines, the voltage vectors of the other nodes of the distribution
network are calculated again.

After that is creates the sum vectors Iyj, Hyj and

matrixes sz of the nodes. After that is write the Kirchhoff's
first law in differential form, excluding the currents of the lines
Iruij -
%'21+%|22+%|23+%|z3=0 (5)
We write expressions of nodes voltages 2, 3, 4 through the
line equations (4):

d

Uy Uy =—Z1 212 - LTle-a Itz =

d
=—Zr 12150 +154)- LTlea“zz +134)

d

Uy -Up =—Zyig3. 11143 - |—T|_43-a ItLa3 =
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dt
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Us-Uj=—Zr 310131 - LTLSI-E 31 =

d, .
=—Z7 31053 - I—TLSIE Is3;

By substituting the derivatives of the currents in (5) and (6)

d
by right side of a | zj and — L j we will get an algebraic

dt
system of equations for calculating the nodal voltages:
(1+LBWU=—]LH+(L+2)1] (7)

where: L, Z, B - diagonal cellular matrices;

T T
U=[UpUp Uz Ug] s 1=[1,05,05,14]
T

H=[H;,H,,H3,H,]" .

F. Model of Back-to-Back Converter

The switching function method is used for the rectifier
model:

i, u, i, (2s,-5,-S.)/3
d - 1 R - Udc
a Ib =E.Ub —I.lb - .(2Sb—SC—Sa)/3 =
i u, i, (2s,-S,-S,)/3
d 1 R U
=a|abc=t'uab0_t'labc_%'s
(3)

where: Ugpe, lapc - vectors of stator voltages and currents;

S - a vector of the switching functions, whose elements
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accept values 1 or 0 corresponding to a conductive or non-
conductive state of the diodes; Uy - output voltage of the
rectifier; R,L - active and inductive resistance in the rectifier
circuit.

After transformation of system (6) into axes d ,0,0

d 1 R Uy
—IR=—U,—— k- P.S-W.I} 9
dt LT LML ia O
where: P - matrix for direct transformation of Park;
The voltage of direct current converter is calculated:

%U dc = Sdc% (10)
where: Sy, - switching function of direct current converter;
lc =1g—1;.

The equations of the output voltage of inverter:
Ug 2 -1 —1]|53522
Up :é -1 2 —=1|/SpSyp |[Uge (11
Ug -1 =1 2 || S1cSyc

where: Skj - switching functions of inverter; K - inverter arm
number; i - number of valve in arm (i =1,2).
Current of direct current side:

I | :SIa'S2a'ia +Slb 'S2b 'ib +SlC 'SZC 'iC (12)

Output inverter voltage is transform to axes d,q,0:
Ug cos@  cos(6 —120°)  cos(6y +120°)
Ug - 2| _sin 6 —sin(G —120°) —sin(g +120°)|x

Up 1/2 1/2 1/2
Ua
x| Up =Uéq0= P-Uabc- (13)
Uc

Equations of output filter in axes d,q,0 , are:

d 1 Z.

s =— (U, —Up ) ==L 0y¢

dt Lf Lf ( | Tl) Lf Lf

d 1 Y (14)
“Up=—lys =111 )-=C Upy:

dt T1 Cf ( Lf Tl) Cf T1

where: |§ - vector of the inductance current of the filter;

U, - vector voltage of the filter capacitor (on the primary
side of the transformer); U - vector of the output voltage of
inverter; lqq - current vector of the primary side of
transformer; Lt , C¢ - inductance and capacity of the filter;

R| - active resistance of the inductance from the filter;

RL —Lf K 0 —Cf N
Lf LK RL Cf K 0
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IV. INVESTIGATION OF PROCESSES IN STUDIED SHIP’S POWER
SYSTEM

Using the developed mathematical model of unified ship’s
power system including electrical propulsion, random
transition processes cad be simulated, that are caused by
disturbances/amendments in the elements of their regulators, in
the distribution network, in the static converter and propulsion
motor.

All possible disturbances are simulated whereby the main
attention is on the work of electrical propulsion system and its
impact on the electricity’s quality.

Below is presented part of the received as a result of the
simulation characteristics.

A. Case study 1: Speed change

It is simulated the change of speed rotation of the ships’
propeller by t = 4 sec.
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B. Case study 2: Break torque changing

It is simulated the change of resistance torque of the ships’
propeller by t =4 sec.
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Fig.5. Converter input phase current
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V. SPECTRAL COMPOSITION OF REGIME PARAMETERS

The analysis of the spectral composition of the regime
variables (currents and voltages) shows different total
harmonic distortion (THD) of the variables depending on the
location of non-linear elements in their working regimes as
well as on the disturbing impacts.

Despite the high power of the electrical propulsion power
system and the by it drawn non-sinusoidal current the
frequency distortion (total harmonic distortion THD) of the net
voltage is relatively low.
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Fig.17. Harmonics of converter input phase voltage
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Fig.18. Harmonics of motor line-to-line voltage
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Fig.20. Harmonics of motor phase current
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It is proposed non-iterative mathematical model of 4-node
ship’s power system, including 4 generators and electrical
propulsion power system, that is used for simulation of
different working regimes. The models describe in details
(most accurate) the processes in the investigated system, what
leads to the opportunity to investigate the processes, to adjust
the regulators, to investigate the quality of electricity, to take
measures for its quality improvement.

CONCLUSION

With the use of the quick transformation of Fourier are
investigated the frequency spectra of main regime’s parameters
(currents and voltages) in several working regimes. The
received results show that THD is in the admissible limits in
the investigated regimes.
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