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the analysed system. Obviously, such an extensive

Abstract— The paper’s aim is to describe and discuss the monitoring is quite unfeasible and one must limit the
results of an experimental investigation of power quality number of considered points in the investigated system. The
parameters in an exemplary ship. The measurements have been ,gqassment of power quality should be carried out at least on

carried out during the disturbing load operation. Particularly, the point of common coubling of generators and all
the voltage waveform distortions have been considered, P piing g

completed by voltage and frequency deviations analysis. In fact, '€Ceivers, namely bus bars of the ship’s main switchboard.
the research has been carried out in order to check the actual Any deterioration of power quality on these bus bars would
level of the distortions after installation of a new power impact upon the operation of the whole system.

converter for the motor driving ship’s bow thruster. The Modern ship systems and devices require a reliable

yarious configura_tions of the ship power plant have bee_n taken electric power supply of standardised quality. It means
into account, which means that the number of generating sets . . . e . .
working in parallel have changed. Finally, the within  permitted limits, provided by rules of ship

ship and its crew as well as help to avoid significant
Index Terms— marine electric power system, power quality, economic losses due to a malfunction of the electricity
voltage distortions receivers. The power quality can change during the time of
ship exploitation [1], e.g. due to the system overhauling or
installation of new receivers. After all major changes, power
quality tests are required in order to check conformity of its
HE quality of electricity in the ship power system iscurrent level with related provisions of respective
defined by the set of parameters describing thelassification society rules. Authors of the paper have
processes of production, distribution and usage of electricipfanned and conducted such tests after installation of the
on shipboard in all operating conditions (manoeuvring, sagew power converter for the motor driving bow thruster on
voyage, harbour operation). The power demand during thelseard the Gdynia Maritime University research-training
conditions changes significantly. This leads to necessity okssel HORYZONT II. The purpose has been to identify the
adjustment of the actual power plant configuration to thactual level of power quality during bow thruster operation
actual load. Otherwise, one can observe a significaahd provide some recommendations for the ship power plant
increase in specific fuel consumption. Thus, the number ekploitation. Particularly, the authors measured power
generating sets working in parallel depends on the actugliality parameters on bus bars of the main switchboard
demand. However, it impacts upon the level of poweduring various configurations of the power plant, understood
quality as well, which is determined by interactions betweeim terms of the number of generating sets working in
actual supply and actual load. Insufficient quality ofparallel. The chief aim has been to answer the following
electricity usage in a marine electric grid causeguestion:

deterlorgtlon of the product_lon of this energy, and YIC?Nhat is the required minimal number of generators working
versa, i.e. the poor quality of electricity generation

. . in parallel during bow thruster operation at HORYZONT ||
deteriorates its use.

: I in order to fulfill requirements of the Polish Register of
The above-mentioned set of power quality indices cover&q. .
ipping?
the parameters of voltages and currents (rms value,
frequency, asymmetry, waveforms) throughout the whole of The ship’s system under investigation is shortly presented
in Section Il of this paper. The rules of the Polish Register of
Shipping related to the paper’'s purpose are presented in

Manuscript received March 06, 2014. . _ Section Ill. Results of the research are presented in Section
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I. INTRODUCTION
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Il. POWER SYSTEM OF RESEARCHRAINING SHIP MV I1l. POWER QUALITY IN RULES OFPOLISH REGISTER OF
HORYZONT II SHIPPING— CHOSEN PROVISIONS

The most typical configuration of a ship power plant is a The permissible limits of power quality parameters on
system composed of at least three synchronous generatesard the ships classed by the Polish Register of Shipping
droved by auxiliary internal combustion engines. Eachre laid out in standards [2] and [3]. The former defines
generating set is equipped with an independent automaliigits for voltage and frequency deviations, whereas the
voltage regulator and governor for speed control. Thegtter contains limits for waveform distortions for general-
permissible levels of voltage and frequency deviations Undﬁﬂrpose electric power systems as well as systems designed
steady-state and non-steady-state conditions are laid outdp supplying nonlinear consumers. The following

thr? relevant rtlaquirefments of rs]hip-cl-assifiﬁ_ationosocieges. arameters of waveform distortions have been defined (some
The power plant of research-training ship HORYZONT | esignations are changed by authors due to simplification

consists of three identical generating sets that are abler&%sons)'
work in parallel. The single generating set includes: a '
synchronous generator with a rated power of 301 kw (376 ~ TWD — total waveform distortion containing all

kVA) driven by a four-stroke diesel engine with a rated components — harmonics and interharmonics
power of 357 kW. Rated voltage of the power system is — in the frequency band up to harmonics of
equal to 380 V, and the rated frequency is 50 Hz. Depending the 50" order (in fact it is the ratio of rms
on the actual power demand, a single generator or two or value of the residue (after elimination of the
three generators work in parallel. The simplified diagram of fundamental) to the rms value of the
the power system of the ship HORYZONT Il is shown in fundamental, as defined in [6], [7]);

Fig. 1.

TWD, 5_10 kh— COmbined content of components from
50" harmonic up to 10 kHz;

SGH- content of respective harmonics subgroups.

The instantaneous values of the above-mentioned indices

. BUS-BARS have to be determined (for 200 ms), completed by their
L aggregated values (for 10 minutes). Finally, their permissible
13 limits are laid out in Table 1 [3].

TABLE |

PERMISSIBLE LIMITS OF DISTORTION PARAMETERS IN GENERAPURPOSE
SYSTEMS ACCORDING TAPOLISH REGISTER OFSHIPPING RULES

BR 1 v=x—=\ BR 2 BR 3
General-purpose systems
Parameter ;
301 kW 301 kW 301 kW 200 ms 10 min
367 kVA 367 kVA 367 kVA
G» Gs TWD 7.5% 5%
TWDs 510 kHz|  4.9% 3%
GR 1 GR 2 GR 3 SGH 4.5% 304
DE1 DE2 DE3

In Table I, only parameters related to this paper’s purpose
are laid out.

357 kW 357 kW 357 kW

Fig. 1. Electric power system of the m/v HORYZONT Il (designations:
G1...G3 - synchronous generators, DE1...DE3 — diesel engines, GR —
gear, MS — motor of bow thruster, BR — breaker). IV. POWER QUALITY ON BOARDHORYZONT Il —RESULTS OF

EXPERIMENTAL RESEARCH

All main receivers installed on the vessel are supplied |n order to assess power quality in the electric power
directly from the bus bars of the main switchboard. Amongystem of research-training ship HORYZONT II, the series
them, one can distinguish: a bow thruster with a rated powgf measurements on bus bars of the main switchboard have
of 125 kW, a 55kW squirrel cage motor of a deck crangeen carried out by authors of the paper. For the aim,
pump, and a 28kW squirrel cage motor which drives theational Instruments controller PXle-8106 equipped with
compressor for air conditioning. Other receivers havievo data acquisition cards PXle-6124 has been used and
smaller power and they have minor influence on powdhree-phase voltages have been registered. The CV3-1500
quality parameters. Regarding the waveform distortions, tthé&M voltage transducers and LTC 1564 anti-aliasing filters
bow thruster has to be mentioned, since it is supplied viahave been applied for input voltage conditioning. The
power converter, which is used to regulate the speed of tpempling frequency has been equal to 25 kHz for each input
electric motor for driving the thruster. Moreover, its rate§hannel, and the cut-off frequency of anti-aliasing filters has
power is equal to nearly 40% of rated power of a singul&€€n equal to 10 kHz.

auxiliary diesel engine. Therefore, its impact on power IN€ signal processing has been carried out in accordance
quality must not be neglected. with chief provisions of the following standards:
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- IEC 61000-4-7 General guide on harmonics and

interharmonics measurements and measuring instrumentsc)

for power supply networks and attached devices used for t
measurementgl];

- IEC 61000-4-30Testing and Measurement Techniques -
Power Quality Measurement Metho&.

The width of the measurement window (10 cycles fo
systems with rated frequency 50 Hz) has been evaluated
determining the zero-crossing of the fundamentg
component, after eliminating the higher-frequency
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components by means of low-pass filtering. The followin

parameters were determined: rms value of phase-to-ph&ge 2. Exemplary voltage waveforms recorded on bus bars of main
voltages U rms value of fundamental components ofwitchboard during bow thruster operation for: one generator working (a),

phase-to-phase voltagéh, frequencyf, the total harmonic
distortion factor THD, total waveform distortion factor
TWD, and total interharmonic distortion factbiHD.

two generators working in parallel (b), and three generators working in
parallel (c).

Finally, the measured frequency and rms value of voltage
THD and TIHD have been calculated on the basis dfre depicted in Fig. 3 and Fig. 4, respectively. Basic
harmonics and interharmonics subgroups respectively, updistortion parameters likEWD and TWD; 5 19 1,are shown

the frequency of the Stharmonic. HowevelTWDhas been in Fig. 5 for all considered power plant configurations. The
determined up to 10 kHz. Finally, the content of harmonigarameters represent an increase in the bow thruster load
and interharmonic subgroups has been calculated up ftom zero to full load and subsequent operation with rated
harmonics of the SDorder. The number of distortion factorspower.

has been increased in comparison to the Polish Register oft has to be added that any significant asymmetry has been
Shipping requirements [3]. This enables better assessmentdiind. Therefore, all results are presented for one phase-to-

considered cases.

phase voltage. Nevertheless, the conclusions are valid for

Three configurations of the ship power plant have befher channels as well.
considered: one generator working alone and two or three

~

generators working in parallel. In all cases, the load h
remained the very same. In fact, the dominant load has be
the bow thruster. The exemplary voltage waveforms
recorded for bow thruster full load and various power plan
configurations are depicted in Fig. 2.
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i subsequent full load operation for various electric power plant
> s 10\ * 76 ® 3“\ * T configurations on m/v HORYZONT Il (the colour designations are laid out
20 \ / \\ / in the figure).
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a) minutes. Therefore, authors are convinced that bow thruster
. usage during parallel operation of two generating sets should
s o F be permitted.
! ! TWD2
s, b N TABLE Il
o . ;-Jf PARAMETERS OF POWER QUALITY MEASURED ON THE BUS BARS OF THE
E R /,/ Val MAIN SWITCHBOARD (DESIGNATIONS L —MEAN VALUE, MIN —MINIMUM
2 L’/ TWD3 :mgi REGISTERED VALUE MAX — MAXIMUM REGISTERED VALUE, SGH; -
) [ TWD3 CONTENT OF HARMONIC SUBGROUP OF X ORDBR
0 %0 1‘:"(5) 150 200 Number of working generators
1 2 3
b) max | 386.8 | 384.6| 384.0
14 TWDhL —Twent 1y Urms [V] u 385.5 384.2 383.4
- “7 ™ ) min 384.5 383.8 382.9
i, sl max| 810 | 487 | 3.80
Lo }}‘ 7 e TWD 9l 7.92 4.79 3.73
2 o "‘ mn | 770 | 472 | 361
% ‘ max | 8.08 4.85 3.77
’ 0 50 100 150 200 THD Y 7.91 4.77 3.70
t(s)

min 7.68 4.70 3.58

max 0.65 0.53 0.50

Fig. 5. Basic distortion parameters during increasing load of bow thruster TIHD u 0.48 0.41 0.44
and subsequent full load operation for various electric power plant

configurations on m/v HORYZONT I, total waveform distortion factor min 0.32 0.29 0.38
TWD up to 10 kHz (a), and total waveform distortion fadkvD, 5-10 kHz max 1.19 1.07 1.05
for frequency band approximately equal to 2.5-10 kHz (b) (the colour
designations are laid out in the figure). TWD, 5-1061z H 0.97 0.89 0.93
min 0.78 0.73 0.84
Analysis of above figures leads to the conclusion that rms max 6.17 3.81 3.02
values of_ v_oltage, frequencies affdVD, s 19 kHz fac_tors SGH u 6.00 372 292
assume similar values for all power plant configurations and : 572 3.63 >80
existing differences can be neglected, although a significan min . - -
increase oTWD, 5_10 kuvalues for bow thruster full load has max 1.01 1.46 1.47
to be pointed out. But significant differences appear in the SGH, U 0.87 1.36 1.38
case o(;‘TWD_factorEI, Withha single rule: few_e;] gfenerator_s, min 0.71 1.28 1.28
more distortions. Next, the components with frequencies ma 4.22 213 1.38
below the 56 harmonic have been dominant (compavD SGH X O > (')7 1 éO
andTWD, 5_;o kyvalues). The profound analysis of the cases . H . 4.05 . .
requires calculation and comparison of other parameters af min 3.92 1.98 1.23
well. The mean values of these parameters, completed b max 2.78 0.97 0.60
maximum and minimum values (observed for 200ms SGH; u 262 0.89 0.53

window), have been determined and laid out in Table II.
The bold fonts in Table Il marks the cases of breaching
the permissible limits laid out in Table | for instantaneous

(200 ms) values and the case of when the permissible Ieveirhe values of the voltage and frequency for all

for aggregated 10-minute values can be breached, if full Ioganflguratlor!s .Of genera_tors are can|dered safely within
cceptable limits for marine applications. The voltage does

::)Lrt_]r:gnliozvfthtrhu; telrtiwztg:jn:g;ccthlssu\éz%l%n edJrTrllz CZPnC;;n%ot differ from the nominal one (380 V) more than 1.79%,
generator operation. However, it should be firmly stated th thereas the frequency does not differ from the nominal

) X . equency (50 Hz) by more than 1.9%.
tly(;mr;:q?rlnlj)t(;vs\/ thruster manoeuvring with full load does not la { Since the values oTWD and THD factors have been

. . . similar for all considered cases amtHD factors assume
The special case is content of tHe tiarmonic subgroup glatively low values, it can be stated that low-order

during two generating sets working in parallel (marked ; . .
g g 9 gnp ( %?armomcs are predominant. It has been found that this

italic). Although the acceptable value for 10 minutes o ) . .
aggregation is lower than the registered mean value, authgpgIcems odd harmonics, without triplets. Content of the

are convinced that the value should not adversely imp chosen harmonics subgroups for full load of a bow thruster

upon the ship system operation. First of all, other paramet oﬁs't;?:dn (L?I?hgu;r:gl 'Is'f'asblgf Irllo?:teva\{fi”.—s?aLtlte tgg reesliea_rrchhe
are well into their permissible limits and the very valug2ns! ys! Y wel.

would be accepted for land systems according to standaja9es. of chpsen harmonics subgroups during a bO.W
[8]. Furthermore, it has been mentioned above that t ruster increasing load have been graphically presented in

operation of a bow thruster with full load is shorter than 1 1. 6. The examples pre§ented n F|g 6 represent the case
of one generator operation, but similar phenomena have

min 2.48 0.83 0.46
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been observed for other considered ship power plaioiad should be noted. This has been observed for all power
configurations. plant configurations (see Fig. 8) and clearly depends on
characteristics of the installed power converter.

7
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Fig. 6. Changes of content of harmonic subgroups'pf8, 11" and 1§'

order during increase of bow thruster load. Fig. 8. Changes of'7harmonic subgroup content during increase of bow
thruster load and various electric power plant configurations (SGH7_1 —

It can be noted that an increase of bow thruster load leaapsration of single generator, SGH7_2 — operation of two generators,
to an increase in all considered harmonics content befeH7-3 — operation of three generators).

proportionality among respective harmonics has not eX|sted,The exemplary spectra of voltages for all considered

.e. some harmonics content mcreasesm more th.an. OﬂE%rnﬁgurations of the ship electric power plant have been
harmonics. For example, content of the" lHarmonic is

greater than the "5for bow thruster idle operation, butgraphlcally compared in Fig. 9.
during the thruster full load thé":iarmonic is predominant.

In order to present the phenomenon graphically, th 1 generator PR p—
calculated spectra for two cases have been presented in F °| |« 2seneros o, Sonerelrs
7. The first marked in Fig. 6 by a dashed line represents t| _° 3 gonerators

. . R 4
maximum value of content of thé"7harmonic subgroup. | % <

. . . Q 3
The second marked in Fig. 6 by a dotted line represents bq * <
thruster full load. L 1
o
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
a) harmonic order ( -)

25

Fig. 9. Amplitude spectra of the voltages measured on bus bars of the main
2 switchboard during bow thruster full load.

15

It can be seen that for all of the ship power plant
configurations, the harmonics of the very same order are
05 predominant, if actual load is comparable.

otalalalanlal ﬂ”” P N N F T,
1 3 5 7 9 111315 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

SGH (%)

1

harmonic order (-)

V. CONCLUSIONS

The presented paper shows the changes of power quality
parameters on an exemplary seagoing ship — HORYZONT
Il — during her bow thruster operation. The measurements
were performed on the bus bars of the main switchboard and
their results have been analysed in the wake of requirements
of related rules of the Polish Register of Shipping. The
studies have shown significant changes of the level of
voltage distortions, which depends on the actual load and
N [ [ N ‘”‘ DS SR | DR S S electric power plant configuration. The instantaneous values
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 O.I: the TWD Coeﬂ:ICIent have been from 146% tO 810%

ermenicrder () Moreover, the character of the distortions has varied, i.e. the

predominant harmonics have been of various orders

Fig. 7 Amplitude spectra of voltage for increase of bow thruster 'Oaﬂepending on the actual bow thruster load, but not electric
(partial load) (a) and full bow thruster load (b). . . . .

power plant configuration. Other changes in power quality

Therefore, the changes of the relation between respectR@rameters do not raise major objections. _
harmonics during changes of bow thruster load are clearly Finally, the following recommendation has been issued
discernible in Fig. 7. The very same effect has bedAnd supported by the Polish Register of Shipping) for the
observed for a decrease of bow thruster load as well and frveyed ship:

other configurations of the ship electric power plant. ) _
Especially, the increase of thé" harmonic content for DRuring bow thruster operation, at least two generating sets

partial bow thruster load and the subsequent decrease for falst work in parallel on board m/v HORYZONT II.

b)

SGH (%)
o = N w B (52 [=2] ~
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