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A Study on variable speed generation system for application
to DC distribution ship

Ki-do, Park

Department of Marine Engineering

Graduate School of Korea Maritime and Ocean University
Abstract

Environmental problems and energy saving measures are required at
internal and external, and studies are being conducted to apply a DC
distribution system to ships.

In this paper, to demonstrate the effectiveness of the DC power generator,
we have developed a DC power generator system using a diesel engine
generator, a generator controller, a governor, and an AVR.

The output range of the variable-speed generator for the experiment is set
to 60 ~ 100% of the rated value based on the load power consumption for
general generator output in the ship. Accordingly, the operation speed range
of the generator engine is from 1,100 to 1,800 [rpm], and the voltage and
frequency fluctuation ranges from 250 to 440 [V] and 34 to 60 [Hz].

It was confirmed that the output voltage, current, frequency and power of
the generator follow the target value stably by varying the engine speed of

the generator according to the load variation of the variable-speed generator.

KEY WORDS: Variable speed generator, AFE Rectifier, DC distribution, Digital

governor, PMS(Power Management System)
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Fig 2.3 Cylinder type rotor
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Fig 2.5 Rotating electrical type(a), Rotary type alternator(b), Waveform of
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742, Fig 3290 2ol REMAALRE BAYIE ASAATL AL AF
A zdle] n2TE Fol7] $l8) AR MU ASFORA A2wlo] B
5 .

Table 3.1 Comparison of AC grid system and DC grid systems

AC Power system DC Power system
. / . Variable frequency operation
Hz f .
@ Generator operation range 60Hz fixed frequency operation (reduced fuel consumption)
L The ph f
® Generator synchronization ? b reguenlcy, .
. magnitude, and direction of Synchronize voltage only
condition X ]
rotation must be synchronized
® Power quality when 2 step power conversion 1 step power conversion
connecting motor load (AC/DC & DC/AC) (DC/AC)
® DC powgr (ESS, fuel cell) Grid connection complexity Ease of system connection
connection
® (In case of electric
propulsion ship) 3-winding transformer required No 3-winding transformer
Applicability of 3 winding for harmonic reduction required
transformer
- 15 -
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Synchronize Ease of system

variable o voltage only connection
o i frequency
Direction of rotation must 60Hz fixed frequency operation
0 be synchronized o operation 4 ™
G
R b Rl e A el s ‘
| 60Hz r“ i
| Switchboard
i | - Ee
T L
i ( |
e 2@&[} power
3-winding transfomer conversion

required for harmaenic

[AC/DC & DC/AC)
reduction

1 step power conversion
{DCIAC)

WA o] A Ful Al 2He RE A 2E BT Al 2~Hlo] Zhdsj Aol AlE A
A7} Bol B, Batol mak way] A7 =8 2PO A Fig 333 ol
BT AR Ao WA HF 54 PHE TS A5ARTS F
Q% 9l

Load % £
s i
g gi?
% DC system i
g b {Variable frequency operation)
E 80
a
B Conventional AC system
s 00 (60Hz fixed operation)
3_ ¥ pt Specific fuel consumption
] ; o @ nsgnwh @ 250 gWh
g 20 @ 2100kwh @ 230 gkWh
@ 2000kwh @ 2289/kWh

-
pre o v T00 120 Spe_rﬂ;—b @ o0akwh () 217 gkWh

Fig 3.3 Diesel Generator Speed and Power Consumption (Source: E-MS)
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xd
Fig 3.4 Alternator & Variable speed engine

270
) B Fixed Speed SFOC
N H
250 EREbS R sl T rangs) 8BRS
S g
“ariable Speed (limited range)
__ 230 Nz
=
= L
= 210
S
(e
o
190 \\
= —
170
150
o 20 40 &0 80 100 120

Load (%MCR)

Fig 3.5 Fuel consumption rate by load(AC and DC system), (Source: ABB)
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Fig 3.6 Block diagram of DFE topology
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2) AFE ®4 A 77

AFE Wale arlel A gad mFAHe SEHOR Aojste YR W
stst, 7719 AlelE 3l IGBT, MOSFET, GTO <] ON/OFF A7} 7}
15 ST A9 3 YPARE FAve) A FAY 5

9182 DFE 4o wls] Fuzstsl@&ol =27 Zasi F4el Uk Fg
3.7% AFE W 27|52/ 28 B55o|n, DFE Wdd Axtmzs AA

Hog AT ol Hu7IZE 22 gl7] 2ol AA A=l AHas
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N
]

g

STV ES

Supply Rectifier Inverter Maotor

[

Fig 3.7 Block diagram of AFE topology
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AR AF7F 327 W&o RAATE T AA= A} S
ot o)Zle] FISER 3Asty] wEe nAA A o) A sk=

Mo rr
2

57 SAA e Aolo] o] Az Agalel bgH o] APH. Fig
L1 HAA Ao AF LR UL AAske] BT} FA A
FE A Adoln FAUCEY] AAAAT FAEAA A BAE 1%
55719 245 Dotk AU el AASERT WD B4 Aok
A R oj7lelME [wx} S£S]4[8 A4 A4 FREHEI & ]t
B} 4Ystel A4 WRARE FrrE WHAYOEA HALEE 27
.

(a) Principle of fixed speed generator {b) Principle of variable speed generator

Fig 4.1 Principle of fixed speed generator and Principle of variable speed generator
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2 AFE Fl FAsA st AR WY BHAAEE TPHE gAadd
7], AF7], DCAY A& PMS(Power Management System), DC HjZHA|2~Hl,
A%7) %58 <l E|(Variable Frequency Drive)2 FAEH®W Autg AF 27
FRAAEE _‘?_915‘}04 AYAS(EAA S, AT, FAADY 1454 4

AL NEslr] 9ste] A 2B Fig 4.29F o] F+A4th

il
Diesel  ASae ; Diesel 4% |
Generator 1 Generator 1] '
(400K - - (4BOKWY - i |
| !
| - (s ]
AeE: [ eama s '

AC/DT |~ ) i
Converter | 7 ) H

Converter|, — |

Sulle. A ————— e
MAIN SWITCHBOARD
(DC Grid) I |
| -
} e |
[

poe 5 B I -
DC/AC [— % DCAC = DC/AC [— |
Motor Drive _: Motor Drivel -~ ™| Ceanverter | il |
AC Mator AC Mator Load Bank
{200kW]) {200kW) (1. 1IMW)

Fig 4.2 Power system diagram of DC distribution system
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A5 A 7PE qATAT] AE Ay

51 4473w +4

7PRE 7] Aladle] B Ee mE 54 AFES Y5t AIAAE F
datgom AR FALAE VS AR, 7] HAY], 9AE 7hHY, W]
A7), AVR, AdgAAdx], Fald7Hd*](Load Bank)E FAA €. 7] A%
o] &5 Aotr] Hs Hxe HEEHE ?*3'8}922134 7MuE gx 4
JHHUE AHESHH QIRIERE Alojsty] 93 daugES HEE Este] &
€ Atk =3I, JHHUE BR7] Alolr], dYALA2='-EPMS) T 22 A
A 7oA HUls SEAEd wet AAEEE 7P Aost=s AA =

o

=
o BauEe] me Bl ANSEE HHoT WANA ARLRFS

& ARS YRS Ao AxRe TS

Control & Interface

|

Controller Digital |~
_m_

o " Load Bank
| v é
PMS i N ; )
i Engine Alternator
v
Potentiometer [
245~440V
f [
AVR

Power
Analyzer

Fig 5.1 Configuration diagram of adjustable variable speed generator
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b ANz Ee 9% APAHE Table 5100 R sATh
Table 5.1 List of experimental equipment
[tem Model Description
Diesel Engine P158LE-I 400kKW
Alternator MJ]B3555B4 440VAC, 60Hz, 400KVA
Generator Controller GNGC-100 Generator control
Digital Governor GNDC-1000 Engine control

AVR

M31FAG00A MEC-20

Voltage control

PMS(Power Management System)

Developing(KTE)

Power management

Potentiometer

CVR1

Potentiometer resistance

5.1.1 7<%

2

7hias Ar]E A2
= AHgsilen, A4EH
$dEE ARHE AHERT

Fig 5.2¢} zom dAwdr|goz F2
Ll E

£ Qx& 7] Aul HHI]|§o 2 wWo| AEE= tAQd
400[kW1, <t 440[V], H U< = 1,800(rpm] ©] 3L A}

A+

i

B
g,

7] ==

Controller

ﬂ Signal
Digital
Governor
s

Spe

control

Alternator

Fig 5.2 Variable speed engine
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ol FHH+= 60~100%(1100 ~ 1800rpmD=E A AR oH, WA
Wars A8zl get dWEEs} AoHES AAED
AMUE Ba ANEE WEHE AL el s

N
Pt
i
it
®
2
>
e

5.1.2 &H7]
BA7= ByAE L 7] THAVE AMESIH e F9a AlFS Table 5.29)
i ey

Table 5.2 Alternator Specifications

General Data
Prime kVA 570 kVA
Prime kW 456 kW
Standby kVA 625 KVA
Standby kW 500 kW
Connection Stella Series
Phases Three Phases (with Neutral)

5.1.3 @A 7] Ao
7] Aojrl= AR T Al=Hoo A ALESHE HAE 7] Ao Z A
:‘[:

il
A, AR, 795, AT 5 LUHFsa Aojsis A otk

H, T,

Fig 5.3 Generator Controller
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Fig 5.32 & AFoA AHgH 7] Aojrjoly FQ Alx®] AR Table
5.33 Zt}.

Table 5.3 Generator Controller Specifications

Output Spec.
2Port(AC240V/10A. DC12V/15A), 3port(AC240V/5A,

Relay Output

DC30V/2A)
FET Output 6port(DC24V/2A)
Isolated Analog Output | 625 KVA
Standby kW 2Port(DC 0V~10V or -5V~5V), (DC500V isolated)
Input Spec.
Power(E-F) DC 24V ~ 32V

3-phase voltage input AC 380V/ 3Phase
3-phase current input CT Output Max 5A

Sensor Input 4Port, Register(0 ~1kohm) or 4-20mA or DC 0 ~ 10V
Analog Input 2Port, Register(0 ~lkohm) or 4-20mA or DC 0 ~ 10V
Digital Input 8Port, Relay contact or DC 5~24V

5.1.4 7}

gAg 7MY & 7hH S
Aoj7]e A Bul5

2 AT 5 =S

EE Adshr] A AA=E L7
P 1800[rpm].2.

—

Fig 5.4 Governor

_26_

Collection @ kmou



Fig 5.4% 2

A7
Ao 7bsaa, B4
T8

oA FAT FAURA 9% A 2 A ot

Ve T EA7] Aej7] B PMSelA Alod

o] 9Tt Al 28] Abk2 Table 5.4} 2t}
Table 5.4 Governor Specifications
Function GNDC-1000

Input power DC 12~40V

Pick-up AC 3V (RMS)
Input spec -

Speed control register(ADJ) 0~5kQ

Speed control voltage(AUX) -2.5V~2.5V

Actuator 120W(DC24/5A)
Output spec

Relay AC250V/5A, DC50V/3A

Speed control range 0~3000 RPM

PID Gain 0~100%

Droop 0~10%

Speed ramping 0~1000 RPM/SEC
Control spec >

Starting fuel 0~100%

Speed control register(ADJ)

+1000RPM/(0~5kQ)

Speed control voltage(AUX)

+1000RPM/(-2.5V~2.5V)

Speed control precision

+0.2%

5.1.5 AVR

AVRES wAZlolN 2EHE RFAY 2
A=A Fig 559% 2ol TAH Atk

Fig 5.5 AVR
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AVRE F87]% 94 HEE+ Table 5.59F 2.

Table 5.5 AVR Specifications

Functions
Soft start Ramp time adjustable from 0 to 60s
Parallel between e Type: Reactive droop compensation
generators e Droop: from 0 to 15%

Overexcitation limiting
device

Type: Inverse time characteristic

1 maximum fixed threshold of 15A, above which
de-energizing occurs (after about 10s)

1 minimum settable threshold, above which the
limiting device operate according to the
characteristic

1 open collector output per signal

Under frequency e Corner frequency adjustable from 40 to 60 Hz

limiting device e Zero Volt frequency adjustable from 0 to 40 Hz
Accuracy

From 0 to 100% load +0.5% @ PF 0.8 - balanced and non deforming load

and constant frequency

With +£4% engine

+1% @ steady state conditions for load and speed

governing

Steady state +0.1% @ constant load and frequency

Thermal drift +0.5% for a change of 30C at TAMB in 10 minutes
VIHz +2%

Thgel whe 2715 Ake 2AEY] 98 AVRe) EX Wﬂwﬂ A%

Collection @ kmou
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Table 5.6 Output voltage according to generator speed

. Generator Generator AVR PMS output %/
Generator engine . .

voltage frequency resistance Variable

speed (rpm) (VAC) (Hz) value (kQ) resistance (kQ)
1100 251 36.7 4 90/9.03
1200 279 40 11 68/6.82
1300 306 43.3 19.2 54/5.38
1400 331 46.7 28.7 41/4.11
1500 360 50 40.9 29/2.84
1600 387 53.3 53.2 20/1.90
1700 414 56.7 68.7 12/1.11
1800 443 60 89.9 6/0.475

of AFGEE AT IA i JbA% WA TR AsNAH F9 Aol
19 PUSE Eo s gel wep AGae shastel e Sw A

16 9
AYB AL AYATORA, WA, FARSH] AGeolH(AY, HF, A

g7 2)E 44 2 Aofstr] fs) AdE ZAolH FskE A, AF 2 AY

_29_
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INPUT
| ST

, bo mn + FE ten
Cautbon: This terminal fs NOT a protectiv ||cl-1l—m|mu|.

Fig 5.7 PMS & Schematic Diagram of Potentiometer

AGMEAX = Fig 577 Zo] A9 £5& 7tHAoZ Aojslr] ) &
T AYAAZ o] &3] AVRY A3z WHAAZI O ZA HHE w2
LR71S Asde] dASHA A2 + UES B siFEs 73 sth

5.1.7 %3} <1714 (Load Bank)
ol 7R = 7PHE AR A SHEE 1Y
=)ol m, A dH(Helical Type)dAZ A 3F3A T

filo
b
n
P,L
N
e
e
o

Fig 5.8 Load Bank
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7H &G B 7]e) 283Ye] GoldaE ARE Yol ] wiEdd BEEHF
400[kW]H o} =& 840[kW]e] HIAXE AL 39t 8 Al2H AGES
Table 5.73% zt}.

Table 5.7 Load Bank Specifications

General Spec.

Capacity 840kW
Power 440VAC, 3-Phase, 60Hz
Cooling Type Air Cooling

518 AY XA, AF, FHF A9 F488)

Aol ARg" 7hdA 7 g
599} o] Mz HY
o 72 AZ3le AEEZ S AdEdole e vl

I
e
2
= 2
i oo

Fig 5.9 Power Quality Analyzer(FLUKE 430-11)
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Table 5.8 Voltage and frequency variations (Source: KR Rule)

(a) Voltage and frequency variations for a.c. distribution systems
Variations
Type of variations
Permanent | Transient
Frequency +.5.% | =10 % (5 sec)
Voltage +6 %, -10% +20 % (1.5 sec)
(b) Voltage variations for d.c distribution systems
Parameters Variations
Voltage tolerance (continuous) I + 10 %
C Y A
Voltage cyclic variation deviation | 5%
Voltage ripple(a.c. r.m.s. over steady d.c. voltage) ; 10 %
(c) Voltage variations for battery systems
Systems Variations
Compom.ams conm.ected to the battery 130 %, -25 %
during charging (see Note)
Components not.connectefi to the battery +20 %, -25 %
during charging
(Note)
Different voltage variations as determined by the charging/discharging characteristics, including
ripple voltage from the charging device, may be considered.

719 AREEE 1100~1800rpm]e. 2 AAstHom 100rpm] Y= =
THNA O EA, BTN FEEHE AY 2 AFE S ‘3}‘5%% =2

=928 Aesgh
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D AF&= 1100irpm] Al &3 A<k, A7 £4
Fig 5.11 ol Als} z+o] 1100(rpm] ol HE o] 251~258[V], HAFE 0~536[A]
7} AZE AL
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< 255 e ‘ E—
= | — ‘ —
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—_— |
< 300 4
Y 4
180 E i
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Fig 5.11 Generator output voltage & current (1100rpm)
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2) AW&E= 1300rpm 73t A E|olg &4

Fig 5.12 oA e} zo] 1300(rpm] ol %= #<te] 303~314[V], AFE 0~536[A]

7 ASH AT
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Fig 5.12 Generator output voltage & current (1300rpm)
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3) AFA&E= 1500rpm 7ZF Aol £4
Fig 5.13 ol A1¢} 7ol 1500[rpm] ol A1 #gke] 360~370[V], AFE 0~536[A]
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Fig 5.13 Generator output voltage & current (1500rpm)
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4 AAEE 1700rpm T3+ AFH o8 B
Fig 5.14 o9} 7o] 1700[rpm] oA o] 410~420[V], AFE 0~536[A]
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Fig 5.14 Generator output voltage & current (1700rpm)
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Fig 5.15 ol A9} zro] 1800[rpm] ol 4 H<to] 436~440[V], AFE 0~536[A]
7 AZH A

453

441

235 , O (PRSI | I

L1(V)

429

423

417
660

540
420

300

L1(A)

180

60

12:45:50 12:46:20 12:46:40 12:47:00

—— Maximum —— Average ——  Minimum

Fig 5.15 Generator output voltage & current (1800rpm)
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Fig 5.16 Generator output voltage, current characteristics at load change
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Fig 5.17 Generator output frequency characteristics at load change
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Fig 5.19 Generator output voltage, current, frequency(1300rpm)
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Fig 5.20 Generator output voltage, current, frequency(1500rpm)
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Fig 5.22 Generator output voltage, current, frequency(1800rpm)
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