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The study of warship propulsion system

simulator design

Jung, Sung Young

Department of Mechatronics

Graduate School of Korea Maritime University

Abstract

In the past, diesel engines, steam turbines or gas turbines were the
typical mechanical propulsion system that was used on the warship.
Therefore, the power train was simple and it was easy to repair and

integrate into a system.

However, due to recent awareness of survival performance and
automation, propulsion system of warships is evolving to hybrid mechanical
-electrical propulsion system. As a result, the requirements of the
propulsion control system have became more complicated, and warships

ECS(Engineering Control System) have gained more attention.

During the operation of the ship, controlling the propulsion system 1is
getting more complicated. And this is one of the most important factor to

consider to while maintaining or rapidly changing the speed of the warship.

Since this ECS is manufactured only from foreign companies (L-3 Mapps,



SEASTEMA), localizing its technology has became important. And ensuring

the reliability by using the simulator is the critical factor of localization.

This paper is a study of warship propulsion system simulator design. In

order to develop this simulator, the procedure is based on four main steps.

First, in order to collect core technologies and informations, a case study
is carried out by internet and conference papers focusing on SEASTEMA
and University of Genoa. Second, to develop the simulator, virtual warship
propulsion system such as defining equipment specifications has been
defined based on real operating data from the warship propulsion system.
Then, RT-HIL(Real Time Hardware In the Loops) simulator was developed
by LabVIEW and PXI. And it contains 4 sub-models; Basic model, logic

model, etc model, communication model.

Finally, scenarios have been developed based on the warship’s critical
conditions and ECS will be verified by RT-HIL simulator.

KEY WORDS : Warship, ECS, Propulsion system, Simulator, RT-HILS
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@ Electrical simulations for FREMM program (2005)

* DG power over-shoot capabilities

* Network quality — EMP harmonic pollution — We prove that the
design respect NATO constraint in terms of individual and total
harmonic distortion

@ Simulator of FREMM’s propulsion system(2007)

Fig. 4 SEASTEMA FREMM simulators
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Fig. 5 Design procedure for propulsion controller
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Fig. 6 Components for hardware in the loop simulation
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Table 1 Specification of Type 26 ship

Parameter Value
Length overall 148 [m]
Displacement 5,400 [tonnes]
Top speed 28 [knots]
Maximum electric speed 15 [knots]
Complement / crew 130
Operation range 7,000 [nm] at 15 [knots]
Configuration CODLOG
Propeller FPP
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7h2EHlE o] HEES da® & uf AMRSke A=A Type 26 &
Aol 7%, Rolls RoyceAre] MT30< Ab&3ct. o] 7F2E(H]

oA 40 [MWIe] &8 WiH, &7 s 7oz JNdslr] wiEd =2
A= FgAS A AL ATHS)

Power

IP Turbine Thihine Tail Bearing Housing

"‘ External

IPC & Front Internal G ar o

Bearing Gearbox &
Housing Intercase

Fig. 12 MT30 component

Table 2 Specification of MT30

Specification Description
Name MT3040
2 Gas genera'.cor, 3 Shaft
1 Power turbine
MCR(Maximum Continuous Rating) | 40 [MW] at 3,600 [rpm] | Idle : 900 [rpm]
SFC(Specific Fuel Consumption) 0.207 [kg/kWh] at MCR
Starting Electric motor

Structure




7k Rl = ZF2ENS Aoty 9 Ao 7I(EMS, Engine Management
System)7} A= o] lom, ECSE 7F2EHIS Ao = mUEHF] 3|
EMSe} thefst 2155 F3 wreth AA ZF2ERY A9, oF 5007 o]/de] Al
SE AATSRE AHYEAg B AFdAs AlEGCIH ALE f& 7t=gul
o] F2 Aoj7] Az tisfAt A3}

JtxEuls 72EY FE5E 78 17)9) JOE Table 3, Table 42 A%
o

Table 3 I/O list of MT30

Name Type Range
Power demand [%] Al 0~100
Normal start DI O=stop, l=start
Normal stop DI O=start, 1=stop
Emergency start DI O=normal, 1=emergency
Turbine speed [rpm] AO 0~3,600
GT torque [kNm] AO 0~10,000
GT power [kW] AO 0~20,000
Ready for start DO O=not ready, l=ready
Idle warm-up DO O=normal, 1=warm-up
Start warm-up timer | AO
Stop warm-up timer | AO

* Al : Analog Input, DI : Digital Input, AO : Analog Output, DO : Digital Output
g g g

Table 4 I/O list of MT30 auxiliary machinery

Name Type Range
Fan start DI O=off, 1=on
Damper open DI O=close, 1=open
LO pump on DI O=off, 1=on
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Table 5 Specification of reduction gear

Specification Description

1 GT input
Type CODLOG, Cross Connect Gear 2 Shaft output
GT mode : 98% at MCR

Ffficiency PM mode : 99%

' : GT : 3,600 [rpm]
oear rato 18 gmi Shaft : 200 [rpm]
Rotation Input : clockwise

Output : counter-clockwise

1 GT input
Clutch SSS Clutch, 3sets 2 Shaft output

7H&710]ol = Alo]xZE], QlElg, SSS F# x|, Bvdgo|3a S An|y} AXFHo]
gJom, ol9} HHHE AFTE ECS, 7/F2EHW 9 * 5



Table 6 1/O list of reduction gear

Name Type Range
Hydraulic brake system DI O=stop, l=start
Brake active DI O=stop, l=start
Cross | SSS clutch speed [rpm] | AO 0~3600
Connect SSS clutch engaged DO 0=dis, 1=en
Gear Brake engaged DO O=dis, 1=en
Brake ready DO O=not, 1=ready
Gear ready DO RG ready
SSS clutch lockout DI O=release, 1=lockout
SSS clutch speed [rpm] | AO 0~200
STBD SSS clutch engaged DO 0=dis, 1=en
Gear SSS clutch ratcheting DO Ratcheting
SSS clutch locked out DO Lockout
Gear ready DO RG ready
SSS clutch lockout DI O=release, 1=lockout
SSS clutch speed [rpm] |  AO 0~200
PORT SSS clutch engaged DO 0=dis, 1=en
Gear SSS clutch ratcheting DO Ratcheting
SSS clutch locked out DO Lock out
Gear ready DO RG ready

S$5 ZHHE AYSI 22 L= Ao osN 2z ddHE 5
Aol Fig 13& S55 Zejlel @7 #4g vehd solt

THAAL e

[141115].

Input shaft Pawis Output clutch ring

Movement into
engagement

o

Heilical sliding component Helical splines

(a) Clutch disengaged (b) Clutch engaged

Fig. 13 Operation of SSS clutch
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Serva-control unit mounted
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Fig. 14 SSS clutch servo-actuated lockout
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Table 7 Specification of propulsion motor

Specification Description
Type Shaft mounted type
Power 1.5 [MW]
RPM PM mode : 0 ~ 100 [rpm]
GT mode : 0 ~ 200 [rpm]




* PM : Propulsion Motor, GT : Gas Turbine

Table 8 I/O list of propulsion motor

Name Type Range
Motor speed [rpm] Al 0~100
Standby command DI
Running command DI

Idle command DI

<TBD Shaft speed [rpm] AO 0~200
Shaft torque [kNm] AO 0~1,000
Shaft power [kW] AO 0~1,500
State standby DO
State running DO
State idle DO
Motor speed [rpm] Al 0~100
Standby command DI
Running command DI
Idle command DI
PORT Shaft speed [rpm] AO 0~200
Shaft torque [kNm] AO 0~1,000
Shaft power [kW] AO 0~1,500
State standby DO
State running DO
State idle DO

234 A 2 ==4¢
A 2 Z2ddYe 7447
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Table 9 Specification of shaftline & FPP

Specification Description
el Diameter 4.5 [m]
Number of blade 5
Rotation STBD : clockwise
PORT : counter-clockwise
PM mode : 0 ~ 100 [rpm
RPM GT mode : 0 ~ 200 [[rFF:m]] 20 IMW]
Table 10 1/O list of shaft & FPP
Name Type Range
Shaft torque [Nm] AO 0~1,000
STBD Shaft RPM [rpm] AO 0~200
Shaft power [kW] AO 0~20,000
Shaft torque [Nm] AO 0~1,000
PORT Shaft RPM [rpm] AO 0~200
Shaft power [kW] AO 0~20,000
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Table 11 Sequential algorithm of ECS

No. Name of sequential algorithm
1 GT start

2 GT stop

3 PM start

4 PM stop

5 GT to PM changeover

6 PM to GT changeover

7/ GT emergency start
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Input signal Output signal
1. Control lever position 1. Request for start to GT support system
2. Shaft speed 2. Request for GT throttle
3. Shaft torque 3. Request PM speed
4. GT speed 4. Reguest PM torque
5. GT torque 5. Request propeller pitch
6. PM speed 6. Request of changeover
7. PM torque 7. Request for 5SS dutches
8. Propeller pitch 8. Request for brake to reduction gear
9. Alarms from the propulsion train
Propulsion 10. Status of each deVice

system

Fig. 16 ECS control & monitoring signal
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(1) GT start

NaENE ABSHE A4S haHY 28 A% oY 7 nx Axdel
PFBAL S glofof Brh HAR SF2EN 28 AT BE Az
93 Be 70 st B ATAE gEHOR A, P, 2FH B

AukA Q] 7t2E R S, F3Z(dle) ZefdA 7+ 71719 &% 59 AFH
£ AE A :%FJ%H] %7‘3 AZEEke]l fd(warm-up)& 282 3o
A, AEAE AEFo] siAHH ECSE 5E3F 7F2EHW 93 FPs==
ek olE@ 2B AU MY AT A9 AFE F oy ShAENe
Fol FA @e FFE vH7] W2 ARZHA AlFY Afole 94 Azt

2

SaEEl RS SRS B BE7Iofd A JtaENY 2] 7447

z |37} slAF o] glom ECSE shzElule] &
gg Aol 4 Utk BCSelA & Eofa g&rlolr) sdaly] Aztsid
MRG SSS 2827} A7 o] AL Ba) =2He 5474 At

do
i
)
N
mi
v
)
[z
=
o
Hu
>
[
)
o
o\
ki
o
v



ECS GT RG PM

[ 7 sor secuence DS gy e

Y
Fan start (1)

Damper open (1) v
T Internal check
LO pump on (1)

b

o P
GT start . !
=t SEHELE S : — cc, 5B, PT, Gear ready (1) |

+ T

hd
| Hydraulic brake system (1) }X.
:
: y v
v /’_’.’——{ Brake n'eadv (1) |
[ rar conuence B ; ;

GT start sequence

h 4 H .

| Brake active (1) . v
3 : Brake active
. : v

Brake engaged (1) ]

GT start sequence :
v

b

Normal start (1)
. Normal start sequence
5 h 4

Idle warm-up (1)

GT start sequence STOP

v
[ SB, PT 555 Lockout (0)

SSS Management

b4
SB, PT ratcheting

v
GT start sequence
h 4
| Brake active (0)

5 min for warm up ‘

Brake deactive

E h 4
v : : Brake engaged (0) |
GT start sequence H
|
v ) -
I, e ® g,
v v b ]
| Power demand R’ GT contral i v
]
'

5SS clutch engaged (1) |
GT start sequence :

| Hydraulic brake system (0) .
Brake System off

h 4

: Brake ready (0) ]
GT start sequence
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(2) GT stop
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Fig. 182 GT stop A& Uetal St
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Fig. 18 Sequential control algorithm for GT stop



(3) PM start
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Fig. 19 Sequential control algorithm for PM start



(4) PM stop
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Fig. 20 Sequential control algorithm for PM stop
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Fig. 21 Sequential control algorithm for GT to PM changeover
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ECS GT RG PM
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Fig. 22 PM to GT changeover sequential control algorithm
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(6) GT emergency start
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Fig. 23 Sequential control algorithm for GT emergency start
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Table 12 Individual components of system

Name MILS SILS HILS Test cell
Controller Simulation Simulation Real Real
Plant Simulation Simulation Simulation Real
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Table 13 Hardwired signal for simulator

Name Type Equipment Range
Emergency start DI GT 0, 5V
Power demand Al GT 0~10V
PM PORT speed Al PM 0~10V
PM STBD speed Al PM 0~10V

PORT Torque AO Shaft & FPP 0~10V
STBD Torque AO Shaft & FPP 0~10V

;.qzq A5
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Table 14 Component of central simulator

Name EA Description

NI PXIe-1078 | 1 | 9-slot chassis
NI PXle-8115 | 1 | Core i5-2510E 2.5GHz controller

NI PXI-2722 | 1 | 5-channel 16-bit programmable resistor
NI PXI-6221 | 1 | 16Al, 24DIO, 2A0

PXI-8431/8 1 | RS422/485, 8 port serial interface

SCB-64A 1 | Shielded I/O connector block
CB-37F-HVD | 1 | Terminal block
SH37F-37M-2 | 1 | Female to male shielded 1/O cable

[}

(2) A58 AlEdoly

Z_]-

o

154H o B¢ BUHYSE UL, B AFdAE 20ie PCE A%

st RUEY A}

.

T

(3) SCM(Simulation Control and Monitoring)

ot
flo
N
o
Qlc‘
&

T A

48 FIAAE AMEEoIH ] Akl Alxd" HE F
s

o tev gk

- FAH AlEECIAY T2 dH ZUEF B HolH 24 Tle

- FAAE A EF ol T2 Aloflon/off, RPM ®A &) 7|F

- FRFH AlEdolde R WA 9 2d WA Vs
- FA=AC T S o TEA AR BADES ARl wel AEo® Alofs)
= 7l



oo of)
i
>,
i
@

o

18 ¢} A-58H AlEHolY, T AEdHClH e SCM2 TCP/IPE
0

g YR HES AR HolHE A ES T4,
2] A

TA%th Fig. 29v= &4 FHAAE AE#EClE =gl FH=o|H, Fig. 30
& A AA ARNE YERIT,

@ ——
——jo T m
i e . —

ﬁ® ol T .
-
Eaquioment
z o]
3
5 ® [ ]
o ’flnﬁ'
=5 (@ AIO, DIO ‘
(@ Communication (TCP/IP, CAN, etc..) D
(3 AIO, DIO, Communication -‘”"
> @ TCP/IP .
[ ]

® TCP/IP

Fig. 29 Configuration of simulator hardware

.- SCME 2L

2ot AISI0]E] (PXI) - ]
2727H| A|220[Ef

2LE (1)

-~

Z212H| AJ22|0|E: --- =
S| AE2I0lE] (1) Z212H| A|22|0|E]

FUZH AZI0lE (2) T % - 2HHQ@)

SCM -7

Fig. 30 Photo of simulator



=~
w
P>

ZES o HA

k)
i
2
ol
z
2
2
N,
lo
2
2
e
kl
AC)
N
>
e
&,
o
(i
flo
e}
ok
td
i)
il

Bl o] ARGl & F&Fe FA FAN, T2 Mgl AFf, At

S Fasi,

lo
to
2=
rlr

metA 52 AlE#HolHe] 8F= HAFEHY YA A(Operation System,

09l the HE7F vteA H st

431 2 A ML 9B 05

TJHY GHk OSAlA &= AlgEdeld T2 o]l s Thefgt wagtes iz
2d0] s&Foln, ik OSdllAl= olgeh 213l 83517 A8 AE2
WA= ol&ste] CPU AHds &1stl Aot webA Algdolid T2 A

T Aoe 2AES 7HRA Ao

ol wAE shAs] s 2 AlgdolAde A% AAIZHReal Time,
RT) OSolA Fadth A% OS+= 4xt OSoll wls| AE7F AA 28, 5
23 Fxo| A5 fAcHE €9 7 A7) "ol Iyt OSoll Hls AHAA

17} go|sly,

Fig. 31 <wb OSoll A A st= Aol thsll YeEhA Aot



Jitter Range
A

Desired Loop Time

- Maximum :

¥ — Jitter

A

2—
3—.

Loop Time (seconds)

Loop Iteration

Fig. 31 lJitter in general purpose OS

Fig. 32&= ¥k OS¢l A A% 0S¢ Afold & Hlwste] g3k Aolnt.

General
Purpose DS

Real-Time OS

Data acquistion Closed-loop control

Time-critical decisions

Instrument control
Extended run time

Headless operation
Offline analysis

Smaller Physical
footprint of hardware

Data presentation Increased reliability

Fig. 32 Comparison of general purpose OS and real-time OS

o] gt @% _7'_34?3‘}04 Ao A= RT 0S¢ &}<l Phar Lap ETSE o] &



4.3.2 RT OS¢ 42

4RE OSell ®lsll RT OS= AE7F vl AA dAsiA N, d4S 7hei <
AHs] ZHA L Aot mEkA, AlEdlold AZES S T AAAC] Hed EE
I AAAGo] TREHA B BRES WA fAeHE D Zaot A

AEHEolE e Zedd wet RES UFHE B4, §3F AlEde]d(dynamic
simulation), Ao17] <agjF =P, dloly 3, dolg A&, 74 Ay H ol
2 TEE F A Aq7A AAAe] a3 EEL HoH FH 23 T34
AEdeld EE°] o7]d sidEn.

L

A7l dagF: 2d, T4 2L, Holy AR

2 WA ZEd gt A AdEFH ol =

E 2 7FA QUAgHo A~ =

& SCMel A x= ).

o)},

1{1 1.1;]

N

Fig. 33 A BeolHe) wEd Be BFE Jehd

Tasks Detgrpinistic Tasks

|
: User : Acquire ;
Serial namic
- Non-deterministic Tasks
Logging
Control Data
- - .
Data
Host VI
Control : -
Dynamic User
Loop Interface

UDP : User Datagram Protocol
Fig. 33 Separation of deterministic and non-deterministic task

TCP : Transmission Control Protocol

MAZE 0S 7uke] AE# O] ART HILS)S T2 A9 AT 059} H o]
B 53 24X, BA7% So| x¢® Aol e PCe}, AEHoH F2 4
B, Aol 5 Besi #e§ PCR TRl 2zte] PCIt HolE Ff, PC
yxe] weaAzk Holy Fhol tE AR/ Basi



=35 AN 0SA &85
FH7} FAHfo} GO o

= qr
(K
ul
[
el
rlo
o
>
o,
o

Fig. 34 AAZ OSel Al W2 =23 2337k elog T tat AL
Uheba Aol o,

Host Application RT Application
Non-deterministic = Deterministic
User Interface ]
Loop = Loop
e Inter-process
T \Z) Communication

= Communication
Data Storage Data Storage

Fig. 34 Sharing data on RT target

HolBlE Ffdts RS HelH s/ 52434 HolgHE Fiuds FI9
TRl w2t 2o

QAR Freof HAFAA FExIe) Hole Ff= dwra o= RT FIFO(First
Input First Output)E ©]&3tth. RT FIFO= UHF OSollA 79 FARE ZAog
LT WIS THA L oA ElojH e E£4 glo]l 7 Fx3t HolHE Faut

2 % 9tk

Table 15+= F23 HolHE Fad= URd tis] 883 Aot

Table 15 Inter-process communication

Deterministic loop and Non-deterministic loop and
Non-deterministic loop Non-deterministic loop
Latest | - RT FIFO - Single process shared variable

Local variable
Function global variable

value (single element)

Every |- RT FIFO
value (multi element)

Queues




AAAE Fxok HAANAE F24 ol A FZ AA AEu 1/0 HolH

#e A RT FIFO(single elemen)E Abg-stal, Al oA 23, Heoly =7

5 £083% dHoly oS BylE A9 RT FIFO(multi element)E ARg3te]

/\6] k<l

Sias g

4.3.3 2ZE o AA FA 3

2 oAgeA MuaEs §4 2044 ABoEE A uke] HILS

R

2 FEI st=Edol= 428004 AYd vie} Zo] T AlEHolE, A5
Hl AlE#olH, SCMe 2 FAEW T4 AlEHoIEHE NIAFe PXI A54H Al
EdolE9} SCM ¥yt PCE A gth

Fig. 35¢F Fig. 362 &4 FXAAE Al=dolEH o AZES S 7id=olth

= Test Automation Analysis and Reporting Requirement Management '

L]

m

E Logging User Interface Stimulus > SCM
E

T Real-Time System Interface

£ Logging Models/Controliers Stimulus
= &
. '

e WO /interfacas

> PXI
I/O Hardware Drivers

Supply

o
= = -
?:::wer Comm ?M M/ | FPGA I/O | AIO/DIO Vision GPIB RF
Bus /O | Scope 4

Fig. 35 Conceptual diagram of simulator (1)



Central Simulator (PXI)
Propulsion System SCM (PC, Monitor)

Gas Turbine Scenario Profile

Propulsion Motor Data Logging

Reduction Gear
Shaft & Propeller

Simulator I/O Control

Simulator Control and Monitoring

oview
Real Time OS (VxWorks) MS-Window

l Communication |

Equipment Simulator (PC, Monitor)

GT PM RG Shaft&FPP Propulsion system
Mimic Mimic Mimic Mimic Mimic

LabVIEW LabVIEW
MS-Window MS-Window

]

Fig. 36 Conceptual diagram of simulator (2)

NEB OB T AFE sk SCME BIOJE] A%, HolE A, AlEe
o4 AE3, FA AEHo| 2 Seof e Falala PXIF AT EFHo] 2
2 E9) dolHE T B

NET AL Fasts FA PXIE dolE A% AEHA, /08 3
HolH 9429 Ay o 71%5e SR

ABAE ABHCIHE 2tle] PCE TASE 109 PCANE 27te] dA%%
ol tha ARHe 4SS Jehhw, e 1ge) PCe AA AxEe 5@
S derlE dge Saw.

Fig. 372 &4 FIAA L AEdoly =13 /M AAHS Yehd Ao



¢ PXI SCM

JEEZHIS
o1 21| A0 )| P

Jl=Ed

NS HD JE e 02 fol 1

Type 1:Type 2, 30| £33 O SSWH SH 3 2 7|EF RHIS A 2

Type 2 : A2 Hl0f 42/ A{0j7]2| A0} 22|30 chet 2H H| #|0{7] B
Type3: @EWHl| B2 B R | i l

Fig. 38 Configuration of equipment model

CODLOG FXIAA S dsu|d 7F2=ENl, FXHds57], 4
wAgu A medes 47 shhe %A mdz P,
Fig. 38} o] 7]%o] mel 7| & v, A5An Aojr] v
vy A% §EY pdw FRAC

(D 71& 22 @ 4 dsdne =83 54& ZASt: 53 2d=, Jtx

Bl &S, ET Fo] of7]d &3t

Collection



D Zb dsAgnel AA"E Aojre Ao dadEs

= ol
=

H] A7) &

DER

(2)

(y
_—OL
o

sHeo

of g xdo] of7]e =

=N
(¢}

=, SSS Z8 %

=y

[¢)

|

t}. TCP, RS485

ksl

s



44 AsA¥ 24 A

Fig. 384 A oJgt ute} o] AF = 2 2d, A58 Ao
nd g AREAR Y A3 &Y wdg2 FRAG o] HoxE A5

Hl mdlo] A% d=H, Ao ¢

Ac)
[N
o
=y
o
£l
(K
fr
&
©

(0]
il
ﬁ
o
i)

S 47bA] AT AR 2EF e g5 mde] F9 /B md, A%
ba) Aloj7] mERRO.R 2t %A 2 BIYY £ 9L 9 Ueix 7]
o

A —
T T35 3 e

441 712 =49

A BEAS EARE Zlom dwt
A oheFdt mdgo] AT
& of O)113‘r[27][31][32] a8, Al 2& oA AES ule} o] RT- HILS A&
olH = AAIeRE &Y At AlEdH oMol ZhsaloF sty] wEel] 7]E9]

geist se] md o4l Bestd wue Agdlcl B,

FAAA W FH AEHIAL FHS WS A mY, Ao|A
TAG HAH UAE Wolus W(EF, thrusH oz 83}
g1 ZzAde 7Y% o gt FHY S8 Auses HA 2l TR

= gle,

Fig. 39= &4 FAA e &4 Algdeolde A% MEEE YeEla St

Laa s RPM Thrust
Set point
T T PropeHer |
Tor :]_1-'- Speed

Fig. 39 Conceptual diagram of ship dynamic simulation

rlr
(K
FU
5
o
td
g

ok

A7 2Ee ECSEHE Aol A5E wold £ HASES YA,
28y mdPeAE ABHMAE B shiE BASE FAR K1



oot
ol
o
2
2
By
lo
offt
X
>,
il
£
o
L
lo
I
X

=
A ARE 2 AR A%, AL Brished oM U Fad
1

b A= Ap A

L
o
[
rr

N

N
oN

ojof & FE oz & AEHNHANE THHA Feoh =7 Al

9
92 wesety] sl A A, F $5U A E mE Bk

Fig. 40& Fig. 399t dAAst & AFrolA 7Ndstaiz st AlEwolE e 7]
2 2EZ A EE Uehd 2ot



19MOd HRYS ‘Y }eYS anbio] 3eys

paads 1eys

paads

paads

anblio|

- lojo\
DR cIdd '3 HEYS uois|ndo.d

sy

anbio| peads yeys

1ean)
uoINpay e

puewap
19MOd

anbio| onbio|

10j10
ddd 3 Beys uoisndosg

sniyp WdY

paads eys

paads

19MOd HRYS Y HRYS ‘anbio] 3eys

Fig. 40 Conceptual diagram of basic model interaction

ction

{_‘.|| ;E.

-

-



A AEEHCIA MFolA wigkE W Z2ERY FARET = 5
e AAdstes A4 gt & ¢ du. daFew JhAEE, F33

5
3k Rt 39t 2dEo] AEEo oy, & AEHOIHE 4

7] ol
AH)2] 5 EAE d=st= Aol oyt I HAAY +F EAAES 9=}
Aolm g 7i2~HW Zh Ho] e &= Qg Fo figk 23 E d&sis Y

o®
rlo
i
ko
o
N
&2
O

Fig. 412 dAS £=<d89s FAES w 7I2ENg FHRE7Y 29 3A
zxo Wsle Yehd Aol
1000~ '| [ 60- ]
L~
800 - o0-
| =
. st I 40
e l §30-
A00 - [
i 20
200- | 10+
0- | I 0‘. |
1] 224 0 704
time (s) time(s)
(a) GT (b) PM

Fig. 41 Step response of GT, PM



Table 16, Table 172 GTol| th3dt d=¢S Uebd Zolx, Fig. 42+ GTE
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Table 16 Input for GT basic model

Signal Type From
Power demand [%] Al Communication
GT torque [Nm] Al Reduction Gear
Idle warm-up DI Logic
Normal start DI Logic
Emergency start DI Logic

Table 17 Output for GT basic model

Signal Type To
GT power [kW] AO Communication
GT torque [KNm] AO Communication
Turbine speed [rpm] AO Communication
Turbine speed [rpm] AO Reduction Gear

Power demand (5¢)

[ — et |
[[oEcf— b
| =
;

[s00} |I> |l> Turbine speed (rpm)
Mormal start -ﬂ—i>'!£l ? {POBL]|
............................... E m " %_E}_: I-_I>'-
Emergency start | - 150} |
Idle warm-up = N 1 :; ‘
............................................... : &T torque = _{E_I;r_:_:;immunlcatmn
TDELY : gl

Fig. 42 Program for GT basic model



Table 18, Table 19+ PMol w3t d=¢<e ekl Zo|i, Fig. 43+ PME
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Table 18 Input for PM basic model

Signal Type From
PM PORT speed [rpm] Al Communication
PM STBD speed [rpm] Al Communication
PM PORT torque [kNm] DI Fixed Pitch Propeller
PM STBD torque [kNm] DI Fixed Pitch Propeller

Table 19 Output for PM basic model

Signal Type To
PM PORT shaft speed [rpm] | AO Communication
PM PORT shaft torque [kNm] | AO Communication
PM PORT shaft power [kW] AO Communication
PM STBD shaft speed [rpm] AO Communication
PM STBD shaft torque [kNm] | AO Communication
PM STBD shaft power [kW] AO Communication

M
_C_c:-mr_nunicatiu:-n
wuil RG
1L} FDBL
s [52E| PM Communication
o 1= | o ST
=X 4,
FPP Torgue (Mm] ! at O
| (DB - e o — @
m wd O
mi 0O

Fig. 43 Program for PM basic model
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Table 20 Input for RG basic model

Signal Type From
PT SSS clutch ratcheting DI Logic
SB SSS clutch ratcheting DI Logic
Brake active DI Logic
GT turbine speed [rpm] Al Gas Turbine
PT PM speed [rpm] Al Propulsion Motor
SB PM speed [rpm] Al Propulsion Motor
FPP torque [rpm] Al Fixed Pitch Propeller
Gear ratio Al Setting
Efficiency Al Setting
= PT ¢ PORT, SB : STBD
Table 21 Output for RG basic model
Signal Type To
RG CC SSS clutch speed [rpm] | AO Communication
RG PT SSS clutch speed [rpm] | AO Communication
RG SB SSS clutch speed [rpm] | AO Communication
CC SSS clutch in speed [rpm] AO Logic
CC SSS clutch out speed [rpm] | AO Logic
PT SSS clutch in speed [rpm] AO Logic
PT SSS clutch out speed [rpm] | AO Logic
SB SSS clutch in speed [rpm] AO Logic
SB SSS clutch out speed [rpm] | AO Logic
GT torque [kNm] AO Gas Turbine
PT SSS clutch out speed [rpm] | AO Fixed Pitch Propeller
SB SSS clutch out speed [rpm] | AO | Fixed Pitch Propeller
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Table 22 Value of coefficients K, and K,

J, K, K, J K, K,
0.00 0.80980 0.16376 0.70 0.45043 0.09742
0.05 0.78847 0.15982 0.75 042611 0.09325
0.10 0.75942 0.15427 0.80 0.40109 0.08894
0.15 0.72923 0.14838 0.85 0.37510 0.08439
0.20 0.70237 0.14310 0.90 0.34846 0.07965
0.25 0.67976 0.13868 0.95 0.32177 0.07481
0.30 0.65939 0.13480 1.00 0.29559 0.06989
0.35 0.63818 0.13088 1.05 0.27018 0.06490
0.40 0.61398 0.12648 1.10 0.24547 0.05981
0.45 0.58653 0.12151 1.15 0.22106 0.05464
0.50 0.55724 0.11622 1.20 0.19642 0.04936
0.55 0.52811 0.11099 1.25 0.17094 0.04397
0.60 0.50055 0.10610 1.30 0.14405 0.03847
0.65 047488 0.10162
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Table 23 Input for propeller basic model

Signal Type From
PORT SSS clutch out speed [rpm] Al RG
STBD SSS clutch out speed [Nm] Al RG
Propeller diameter [m] Al Setting

Table 24 Output for propeller basic model

Signal Type To
FPP PORT shaft speed [rpm] AO | Communication
FPP PORT torque [kNm] AO | Communication
FPP PORT shaft power [kW] AO | Communication
FPP PORT shaft speed [rpm] AO | Communication
FPP PORT torque [kNm] AO | Communication
FPP PORT shaft power [kW] AO | Communication

FPP PORT t hrust [kN] AO etc

FPP STBD thrust [kN] AO etc




10000000 000000000000 000000000000000000000000 000000000000 00000000000000000

FPP PORT shaft speed

oeL]|
J FPF STBD shaft speed
. @ FPP Communication
o FPP PORT thrust {tom]]
2 Ka Qp = Kq*ro*D**S*n**z,-’lDD - FPP STBD thrust FPP tquue
| PP = 2*pirQpn; = o ¥ £ RN
Propeller Lr FPE' PORT torque
(et @0 = o [¥BEL|
] =71 FpP STBD torque =
:T_)—B_li— -- L!':l
FPP PORT shaft power
BOBL ]

FPP STBD shaft power
[FoBL1|

1000 000000000000 000000000000000000000000000000000000000000000000000000000

Fig. 47 Program for shaft and FPP basic model (1)

5SS clutch out speed (rpm)

[e r-l_ N
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Propeller O (m)

i@h
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—Kt = 0.8086-0.4876%13-0.0474*]3* = [FoBL]
—1Kg = 0.1642-0.1044%)3-0.0233* ) ! R

kg

'_nm]

Fig. 48 Program for shaft and FPP basic model (2)
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Table 25 I/O signal for GT internal check

Signal Type | Equipment Description
Fan start DI ECS 0 : stop, 1 : start
Input Damper open DI ECS 0 : stop, 1 : start
LO Pump on DI ECS 0 : stop, 1 : start
0 : not ready
Output Ready for start DO GT 1 : ready

Bternalicheck Internal check block diagram

Input Output
Fan start Ready for start
(o2 me | [ Fan start
e =2 s ' — — Ready for start

Damper open

&

%
Jlet
e

LO Pump on | LO Pump on

3 .
| 3
 ma | |

£

Fig. 49 Program for GT internal check
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Table 26 I/O signal for GT normal start

Signal Type | Equipment Description
Input Normal start DI ECS 0 : not start, 1 : start
0 : not warm-up
Output Idle warm-up DO GT 1: Warming-gp
(warm-up 5min)
warm-up time DO GT Present warm-up time (s)




GT Normal start GT Normal start sequence block diagram

II'I]H.It Ompm Normal start --------------------------------------------
Normal start Idle warm-up _UP hme

5 ' I ") § Idle warm-up
Loop tme warm-p t
Blo 1 E R o)

Fig. 50 Program for GT normal start
c. 4 BA dadE

ECSe| A normal stop 4l&7}

lo] &9 7F2ERIE UFol Aojd dare]Fol

izl Y-S 58I AAE & 95 ANFE ECSE Rula A Zc} Table 27
7 Fig. 512 247 A4 AA dugFe 4= A5 22398 Yepd A
ojtt.
Table 27 1/O signal for GT normal stop
Signal Type | Equipment Description
0 : not stop
Input Normal stop DI ECS 1 : stop
0 : not warm-up
Idle warm-up DO GT 1 : warming-up
Output (warm-up 5min)
warm-up time DO GT Present warm-up
time (s)

GT Normal stop

Input Output
MNormal stop Idle warm-up
o Tl @
Loop time warm-up time
8

GT Normal stop sequence block diagram

4 Idle warm-up

L v #Normal stop

Fig. 51 Program for GT normal stop
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GT Control logic GT Control logic block diagram
Input Output Fan start Ready for start
1. GT Internal check.
o —  wmaloras .“.'.'..
Internal check Start/stop Damper open o
Fan start Normal start Ready for start l
= = - ump on
{a: =0l ] [‘_' 20 ] ( T,
Damper open Emergency start Idle warm-up | Normal start [
(2 se )| [ ne ) || 4 e
! £ ‘ Emergency start
LO Pump on Normal stop Start warm-yp time. = 7
(szne ) | [x2 s ) | Frg) P gt
B2 EZ 0 | |
' |
Settlng Ia‘“ Stop warm-up timer .
Start warm-up timer Stop warm-up timer b | EB—
[': 5 ] [_]5 I ! Loop time
|
|

Fig. 52 Overall program for GT control logic
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Table 28 I/O signal for RG internal check

Signal Type | Equipment Description
L.O pressure Al Aux pressure [Pa]
Input L.O pump running DI Aux 0: off, 1:o0n
Turning gear DI Aux 0 : disengaged
1 : engaged
0 : not ready
Output Gear ready DO RG 1: ready
Ri3 Intemnal check RG Internal check block diagram
Input Output
LO pressure
LO pressure Gear ready [EEs-
: o | ™ E@hﬁfﬁ‘ﬁmgw Gear ready
[. DEL ¥- E"""'IIIII' .......
L. pump running i i
— LO pump running
Turning gear Turning gear
!r" r RO ' w

Fig. 53 Program for RG internal check
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Table 29 1/O signal for RG brake system
Signal Type | Equipment Description
Inout Hydraulic brake system | DI ECS 0:off 1:o0n
P Brake active DI ECS 0:off 1:o0n
Brake ready DO RG 0 not ready
1 : ready
Output 0 : disengaged
Brake engaged DO RG 1 : engaged
B Brake SR : RG brake system block diagram
Input Output 5
= Hydraulic brake system Brake ready
Hydraulic brake system ' - e
f 1 Brake ready |
« mo |
o : .,, Brake active Brake engaged
Brake active Brake engaged e [ETE)
| 4 3 _l @

Fig. 54 Program for RG brake system
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Table 30 I/O signal for RG SSS clutch control algorithm

Signal Type | Equipment Description
SB SSS clutch lockout DI ECS 0 : off, 1 : on
PT SSS clutch lockout DI ECS 0 : off, 1 : on
CC SSS clutch in speed Al GT RPM
Inout CC SSS clutch out speed | Al GT RPM
P SB SSS clutch in speed Al SB PM RPM
SB SSS clutch out speed Al SB PM RPM
PT SSS clutch in speed Al PT PM RPM
PT SSS clutch out speed Al PT PM RP
CC SSS clutch engaged DO RG 0 disengaged
1 : engaged
SB SSS clutch lockout DO RG 0 non lock out
1 : lock out
SB SSS clutch ratcheting | DO RG 0 non ra’Fchetlng
1 : ratcheting
Output 0 : disengaged
PT SSS clutch engaged DO RG j 9ag
1 : engaged
PT SSS clutch lockout DO RG 0 non lock out
1 : lock out
PT SSS clutch ratcheting | DO RG 0 non ra'Fchetlng
1 : ratcheting
SSS clutch control algorithm $SS clutch control algorithm block diagram
Input Output CC 5SS clutch engaged
58 555 clutch lockout | | CC 555 clutch engaged nput =
LS me y) = SB S5S clutch lockout
l.’: -t '.:SSS clutch engaged PT SSS clutch engaged = L {%SI -
PT 5SS clutch lockout ) ) : clutch engaged
I,'.._:; = ) %55 clutch lockout 2 P;E;S:.SS(Iutch lockout 2 Sclutchlockc "..S clutch ratcheting
SI; $SS clutch ratcheting PT SSS clutch ratcheting
® @
- | PTSSS clutch lockout
€C 558 clutch in speed S8 5SS clutchin speed  PT SSS clutch in speed 'L;EFSSJS it efgaged
B | W50 | do| s; :
CC SS5 clutch out speed B 5SS clutch out speed  PT S5 clutch out speed PT SSS clutch lockout 2 d  PT SSS clutch ratcheting
o o o | £

Fig. 55 Program for SSS clutch control algorithm
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RG Control logic

Input Output
L.O pressure Gear ready CC 555 clutch engaged
Elo L) @
SB 555 clutch PT 5SS clutch e
L.O pump g Hyd brake system  SB SSS clutch lockout & Buasced o~ gs0e
[ ¥ B ] [ ¥ Ep ] &2 &8 SB 555 clutch lockout 2 PT 555 clutch lockout 2
Tummg Brake 3 PT 555 clutch lockout .. ()
r - -,
510] ] ( oF 20l | WF Bl SB SSS clutch ratcheting PT SSS clutch ratcheting
= !/. .
Brake ready Brake engaged
CC SSS clutch in speed  SB SSS clutch in speed  PT SSS clutch in speed —
— — z - ./ )
: = ] ] =115 1
CC 555 clutch out speed S8 SSS clutch out speed  PT SSS clutch out speed Setting

Fig. 56 Overall program for RG control logic (1)

LO pressure 1 RG Internal checkyi =527 ready

- &

25 1

—
Iil
|

0 Pressure low

=|
(=
e

T

ydraulic brake system 5 pepoope systerm.vi Brake ready

|E|

Brake activ Eﬂ : Brake engaged
SB SSS clutch lockout 2 3 gog clutch controlvi

RG Control logic block diagram

CC 555 clutch engaged

&

=

T 555 clutch lockout 2
b i Rt 5 PT 555 clutch

ETF]

SB 555 clutch
ETF]

utch speed
PT 555 clutch lockout

PT 555 clutch engaged

wt O
wt 0O
=t O 5B 555 clutch engaged

SB 555 clutch lockout

! SB 5SS clutch ratcheting
FT 555 clutch ratcheting

=

Fig. 57 Overall program for RG control logic (2)
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Table 31 I/O signal for PM control algorithm

Signal Type | Equipment Description
PT idle cmd DI ECS 0:off 1:o0n
PT standby cmd DI ECS 0:off 1:on
Inout PT running cmd DI ECS 0:off 1:o0n
P SB idle cmd DI ECS 0:off 1:o0n
SB standby cmd DI ECS 0:off 1:on
SB running cmd DI ECS 0:off 1:on
PT state idle DO PM 0: off, 1:on
PT state standby DO PM 0:off 1:o0n
PT state running DO PM 0:off 1:on
Output .
SB state idle DO PM 0:off 1:on
SB state standby DO PM 0:off 1:on
SB state running DO PM 0:off 1:on
PM control algorithm PM control algorithm block diagram
PT Idle cmd PT State idle
Input Output O
f‘”ﬁlecmd & SHde g PTStateidle  SB State idle ”db!r' cmd __te standby
| s 2o J |2 =0l ] . . PT Running cmd .P’TStaterunning
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‘
E‘TRunning cmd1 {SB Running cmd PT State running SB State running SB Standb}, cmd .SB State standby
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Fig. 58 Program for PM control algorithm
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Table 32 Concept of MODBUS memory block

Memory block Type Master Slave
Coils Boolean Read/Write Read/Write
Discrete inputs Boolean Read Read/Write
Holding registers | Unsigned word Read/Write Read/Write
Input registers Unsigned word Read Read/Write
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Table 33 Allocation of MODBUS memory block (1)

R ENCE]

o
r
iy
k)
k0
R
o
>
i

Name Type Memory block
GT power demand Al Hardwired
GT normal start DI Coils
GT normal stop DI Coils
GT emergency start DI Hardwired

GT turbine speed AO Input registers

GT torque AO Input registers

GT power AO Input registers
GT ready for start DO Coils
GT idle warm-up DO Coils

GT start warm-up timer AO Input registers

GT stop warm-up timer AO Input registers
GT fan start DI Coils
GT damper open DI Coils
GT LO pump on DI Coils
RG LO pump running DI Coils
RG turning gear DI Coils
RG hydraulic brake system DI Coils
RG brake active DI Coils

RG SSS clutch speed AO Input registers
RG SSS clutch engaged DO Coils




RG brake engaged DO Coils
RG brake ready DO Coils
RG gear ready DO Coils
RG SSS clutch lockout DI Coils
RG SSS clutch speed AO Input registers
RG SSS clutch engaged DO Coils
RG SSS clutch ratcheting DO Coils
RG SSS clutch locked out DO Coils
RG gear ready DO Coils
RG SSS clutch lockout DI Coils
RG SSS clutch speed AO Input registers
RG SSS clutch engaged DO Coils
RG SSS clutch ratcheting DO Coils
RG SSS clutch locked out DO Coils
RG gear ready DO Coils
PM speed Al Hardwired
PM standby cmd DI Coils
PM running cmd DI Coils
PM idle cmd DI Coils
PM shaft speed AO Input registers
PM shaft torque AO Input registers
PM shaft power AO Input registers
PM state standby DO Coils
PM state running DO Coils
PM state idle DO Coils
PM speed Al Hardwired
PM shaft torque AO Input registers
PM shaft power AO Input registers
PM standby cmd DI Coils
PM running cmd DI Coils
PM idle cmd DI Coils
PM shaft speed AO Input registers
PM state standby DO Coils
PM state running DO Coils
PM state idle DO Coils
FPP shaft torque AO Hardwired
FPP shaft RPM AO Input registers
FPP shaft power AO Input registers
FPP shaft torque AO Hardwired
FPP shaft RPM AO Input registers
FPP shaft power AO Input registers
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Table 34+ W=l EFEE HolHE AHYd & F4HE I8
Table 34 Address allocation of MODBUS memory block (2)

Memory block Name Address

Idle warm-up 00

Ready for start 01

Gear ready 02

Brake ready 03

Brake engaged 04

CC SSS clutch engaged 05

PT SSS clutch engaged 06

PT SSS clutch lockout 07

: : PT SSS clutch ratchetin 08

Coils (Write) SB SSS clutch engagedg 09

SB SSS clutch lockout 10

SB SSS clutch ratcheting 11

PT state idle 12

PT state standby 13

PT state running 14

SB state idle 15

SB state standby 16

SB state running 17

Fan start 20

Damper open 21

LO pump on 22

Normal start 23

Normal stop 24

LO pump running 25

Turning gear 26

Coils (Read) Hydraulic brake system 27

Brake active 28

PT SSS clutch locked out 29

SB SSS clutch locked out 30

PT idle cmd 31

PT standby cmd 32

PT running cmd 33

SB idle cmd 34




SB standby c¢cmd 35
SB running cmd 36
Start warm-up timer 00
Stop warm-up timer 01
Turbine speed 02
GT torque 03

GT power 04

PT PM shaft speed 05
PT PM shaft torque 06
PT PM shaft power 07
Input registers SB PM shaft speed 08
PM shaft torque 09
PM shaft power 10
PT shaft RPM 11

SB shaft power 12
PT shaft RPM 13

SB shaft power 14
CC SSS clutch speed 15
PT SSS clutch speed 16
SB SSS clutch speed 17

LabVIEWell A MODBUS TCPE Al&3l= WHLS /0O AHE o]&sto F=3)
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Name Type From

Power demand [%] Al Communication

PM PORT speed [%] Al Communication

PM STBD speed [%] Al Communication
Brake active DI Logic
PT SSS clutch ratcheting DI Logic
SB SSS clutch ratcheting DI Logic
Idle warm-up DI Logic

Turbine speed [rpm] AO Communication

GT torque [kNm] AO Communication

GT power [KW] AO Communication

PM PORT shaft speed [rpm] AO Communication

PM PORT shaft torque [kNm] AO Communication

PM PORT shaft power [kKW] AO Communication

PM STBD shaft speed [rpm] AO Communication

PM STBD shaft torque [kNm] AO Communication

PM STBD shaft power [kW ] AO Communication

RG CC SSS clutch speed [rpm] AO Communication

RG PT SSS clutch speed [rpm] AO Communication

RG SB SSS clutch speed [rpm] AO Communication

FPP PORT shaft speed [rpm] AO Communication

FPP PORT torque [Nm] AO Communication

FPP PORT shaft power [kW] AO Communication

FPP STBD shaft speed [rpm] AO Communication

FPP STBD torque [Nm] AO Communication

FPP STBD shaft power [kW] AO Communication
CC SSS clutch in speed [rpm] AO Logic
CC SSS clutch out speed [rpm] AO Logic
PT SSS clutch in speed [rpm] AO Logic
PT SSS clutch out speed [rpm] AO Logic
SB SSS clutch in speed [rpm] AO Logic
SB SSS clutch out speed [rpm] AO Logic
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Table 36 Configuration of cRIO hardware

Name EA Description
NI cRIO-9074 | 1 | cRIO, 400MHz, Spartan-32M, 128MB
NI 9215 1 | £10V, Analog input, 4Ch
NI 9264 1 | +£10V, Analog output, 16Ch
NI 9401 1 | 5V, TTL Digital Input/Output, 32Ch

Fig. 63 cRIO & NI 9215, 9264, 9401
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(5) GT to PM changeover
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(6) PM to GT changeover
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