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A Study on the ICCP Control and Monitoring
System for Ship

Lee Ji Young

Department of Mechatronics Engineering
The Graduate School of Korea Maritime University

Pusan, Republic of Korea

ABSTRACT

This thesis i1s about the Impressed Current Cathodic Protection
(ICCP) control and monitoring system, which brings protection
against the corrosion of the ship’s hull in the sea. The ship’s
hull is composed of iron which can be highly corroded, and
therefore the corrosion brings about great physical and financial
damages to the ship. Because of this, the protection against the
corrosion of iron 1S a necessity. Since there is no one perfect
way to protect against corrosion and rapid degradation, an
anti—corrosive protection method, such as coating, has to run
simultaneously with an electrical anti-corrosive device. The ICCP
system which I will be discussing is one such method, and has

several advantages. First, the life of the anode is long because



the ICCP system uses an insoluble anode. Second, it can get
enough protective current over a large area for protection.

Iron can be separated into three regions of corrosion, immunity
and passivity. Without any external force, iron’s corrosion
potential under natural conditions is within a corrosion range, So
such iron becomes corroded. On the other hand, protection of the
vessel’s hull can be made because iron’s corrosion potential can
be transferred to an immunity range when the ICCP system
compels a protective current to be sent to the ship’s hull. Iron’s
corrosion potential is -600mV with standard hydrogen electrode
(SHE), and its protective potential is between -800mV and
-900mV.

The ICCP system is composed of a power supply, anode,
reference electrode and controller. AC sources from the ship’s
generator are converted to DC sources in terms of power supply,
and a protective current is sent to ship’s hull though anode. A
Zinc electrode is used for a reference electrode. Zinc's potential
i1s —-1000mV with SHE. Differential potential is detected by a
sensor between the ship’s hull and the reference electrode, and
its value must be controlled to maintain between +100mV and
+200mV. Then ship’s hull can always be protected. When the
system 1s abnormal, it is designed to sound the alarm. The
controller operates to increase the protective current at the anode
if the value of the detected potential is lower than that of the
setting potential, but it operates to decrease it if the former is
higher than the latter. The controller fully senses whether or not

the detected potential is within a range of protection and then it



is automatically controlled to increase or decrease the amount of
protective current to be sent to the anode.

The monitoring system with RS 232/485 communication is also
studied in order to check the normal state of the system at a
long distance, because an operator does not always watch over
this system and thus the system cannot operate well because of
his or her negligent management.

Since the ship always moves in the sea, an experiment of
characteristics of the ICCP system is conducted by introducing
various corrosional environmental factors such as velocity and
pollution. First, the amount of the requisite protective current is
not consistent enough to protect against corrosion of the ship’s
hull because the wvelocity is different at anchor and on the
voyage. That is, the faster the wvelocity, the more the requisite
protective current 1is increased. Second, the amount of the
requisite protective current 1s also inconsistent because pollution
levels are different when sailing along the coast compared to
sailing out at sea. That is, the heavier the pollution, the more
the requisite protective current is increased. These results must
be referred to when the ICCP system is set up.

In short, the ICCP 1s a multi-system for use on ships and on
land structures because it includes a safety device. Even over a
long distance, the system’s conditions can be watched through a
monitoring system with communication. The system can be
controlled to protect against corrosion of the ship’s hull in
different corrosional environments. I suggest that this system can

accomodate a ship’s automation and will be very useful.
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rarea of local anode and cathode [m?]
“open circuit potential of local anode and cathode [V]
: polarization potential of local anode and cathode [ V]
:natural potential or corrosion potential [ V]
“current of local anode and cathode [A]
: corrosion current [A]
: protection current [A]
surface resistance of local anode and cathode (L]
" electrolyte resistance of local anode and cathode  [R]
- electrolyte resistance of local anode and cathode [ °]
: polarization of local anode and cathode [Vb]
- flux [ 17D]
s angular velocity [rad/sec]
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Fig. 3.1 Schematic diagram of ICCP control and monitoring

system for ship
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RTC
EEPROM
WDT
ETC

Configuration Qver protection Voltage
DATA Underprotection Voltage
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l Ref.Cell Set
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Voltage

Ref.Cell Voltage
>Vset

Save Time
DATA I Date YES
Voltage
| Current
Error Decrease Increase
loop Current Current

Fig. 3.3 Flow chart of the control algorithm
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e}
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Error loop
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low
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CLY : Current limit value

Current > CLV

Fig. 3.4 Flow chart of the error process
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Fig. 3.5 Flow chart of the LCD monitoring
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(0)3} 2 ZEinfo|R=2 “St-by Display"s WEFHAL Ut o] 2
e 42 A 23 VA EE glsteE Rrolth
(@3AS 5 R=E4% “Manual Display"s YERH L Qit}. o] &
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Fig. 3.8 Gate—firing
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322 Z=21%

w ATre RO AA FrHA ol wlolAr ZRAME 2
ANA AN2ES FEA7)E TR EAd o] AFE 3hHd
BHTFE 2oy, HAA= CCS-CE ARgstha, $A&=
Microsoft visual c++ < ARg3FgIT) 1 19 19 20

Fig. 3.9% Al2H 3% Z2a3S Yepdth

A= 7% ZEaq

#include <16F877.h> /13- 7 A

#device picl16f877 *=16 adc=10 //A/D2] E&fl5S 10HERZ &
#use delay(clock=20000000) [/AHEF3 4 4 4Mhz
#fuse HS, NOPROTECT, NOWDT /A8 =g, Shx]5Efo]m ARE-QHe)
#include<93C46.c> //EEPROM A}-&

#use rs232(baud=9600, enable=PIN_C5, xmit=PIN_C6, rcv=PIN_C7) //485%%] A A

[/====—m————= internal register setting ———--——---

[/=====———=== T A S - Ul 73
void Main_screen();

void Auto_screen();

void Manu_screen();

void Over_Protect_Set();

void Under_Protect_Set();

void Over_Curr_Set();

void Alarm_screen();

[/====mmm I/O Function —===========——=-———-

[/==mmm e 8254 function ——————====-==——-——

void PIT8253_init() /18254 A A

void PIT8253_counter(unsigned long angle_value) /1AA FH-E R 99
[/==mmm 16%4 LCD function ——==========---~-

byte led_read_byte() //LCD A3
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long out_volt_cal(long buf) /&8 A4 HE

long out_amp_cal(long buf) /AF HAE

long ref_volt_cal(long buf) /A% HE

void value_display() /[AZ dlolg Hx=E el
[/===mmm Timer Interrupt ————----—--———=—-—---—-—

#int_rtcc /Bt RIEIHE 4F
/=== main function ————=——-———=——==——--—

void mainQ)
{
)

Fig. 3.9 System drive program

Fig. 3.10& RUEYS 98 Zaadolt) Axrs th&o 37 &
Yz A

EANFA:TestComReceiveThread
EXNEA:TestComSendThread
chart ¥ A]:BoardDataDisplayThread

1. TThread.h

// TThread.h

N s

#ifndef _TTHREAD_DEF_

#define _TTHREAD_DEF_

#if _MSC_VER > 1000

#pragma once

#endif // _MSC_VER > 1000

11701 771117711171701177711177111717

// Thread Proto type definition //////////1/1/1111]111111111]111111]1/

UINT TestComSendThread(LPVOID IParam); // dl°]¥ Send &~
UINT TestComReceiveThread(LPVOID IParam);  // Hl©]¥ Recieve 2
UINT BoardDataDisplayThread(LPVOID 1Param); // Hl°]¥] Display &~
#endif

0107701107117
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2.TThread.cpp

111111111
// TThread.cpp
I
#include "stdafx.h"

#include "CTTestCom.h"

#include "CTTestComDoc.h"

#include "CTTestComView.h"

#include "MainfFrm.h"

#include "TComm.h"
#include "TTimeWatch.h"
#include "TThread.h"

#ifdef _DEBUG

#undef THIS_FILE

static char THIS_FILE[]=__FILE__;
#define new DEBUG_NEW
#endif

i,
UINT TestComSendThread(LPVOID IParam)
{

CCTTestComApp *pApp = (CCTTestComApp *)(::AfxGetApp());
CCTTestComView  *pView= (CCTTestComView *)IParam;

CTComm *m_pComm1 = pView—>m_pComm1;
CTTimeWatch m_pTime1l;

DWORD dwCount=0;

int i=0;

double dblTime1=0.;

CString strSendData, strTimel1=_T("");

m_pComm1->ClearPort():
Sleep(10);
pView—>m_pComm1->StartMonitoring();
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while(pView—>m_bSendFlag)
{

m_pTime1.Start();

dwCount++;

dwCount%=_MAXCOUNT_SENDDATA_;

for(i=0; i<720; i++)

{

strSendData =

pView—>GetDocument()->MakeNBSendData(pView->dwDisValue[0][i],
pView—>dwDisValue[1][i], pView—>dwDisValue[2][i], pView—>dwDisValue[3][i]);

pView->m_pComm1->WriteCommNonBlocking(strSendData);
}

strSendData =
pView—>GetDocument()->MakeNBSendCountData(dwCount);

pView—>m_pComm1->WriteCommNonBlocking(strSendData);

dblTimel=m_pTime1.GetTimeInMilliSec();

if(dblTime1 > 50.)
{
strSendData.Format("Count=%ld, DataCount=%d,
Time=%f",dwCount, i, dblTime1);
pView—>SetMessage 1Signal(strSendData);

strTime1.Format("Count=%ld, Time=%f",dwCount, dblTime1);
pView—>SetMessage2Signal(strTime1);

}

pView—>m_pComm1->StopMonitoring(FALSE);

return 0;

UINT TestComReceiveThread(LPVOID IParam)

{
CCTTestComApp  *pApp = (CCTTestComApp *)(::AfxGetApp());
CCTTestComView  *pView= (CCTTestComView *)IParam;

CTComm *m_pComm?2 = pView—>m_pComm2;
CTTimeWatch m_pTimel, m_pTime2;
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DWORD dwCount=0;

int i=0;

double dbITime1=0., dblTime2=0.;

CString strSendData=_T(""), strTime1=_T("");
CString strData=_T(""), strMsg=_T("");

BYTE byTermChar = 0x0D, byChar=0;
DWORD dwBytesRead=0, dwPos=0;
m_pComm2->ClearPort();

Sleep(10);

pView—>m_pCommz2->StartMonitoring();
while(pView—>m_bSendFlag)
{
m_pTime1.Start();
dwCount++;
dwCount%=_MAXCOUNT_SENDDATA_;

/] SAHH WS read
m_pComm2->m_tReadQueue.LockBuf();
while(m_pComm2->m_tReadQueue.GetByte(&byChar, TRUE))
{
strData += byChar;
dwBytesRead++;
if(byChar==byTermChar)
{
strTime1.Format("%c", byChar);
pView—>SetMessage3Signal(strTime1);
break;

}
m_pComm2->m_tReadQueue.UnLockBuf();
dblTime1=m_pTime1.GetTimeInMilliSec();
// HIHWWE copy
m_pTime2.Start();
m_pComm?2->m_tReadQueue.LockBuf():
dwPos = m_pComm2->m_tReadQueue.GetTail();
m_pComm2->m_tReadQueue.GetByteArray(strMsg, dwPos-1,
FALSE);
m_pComm2->m_tReadQueue.UnLockBuf();
pView—>SetReceiveSignal(strMsg);
dblTime2=m_pTime2.GetTimeInMilliSec();
strTime1.Format("Count=%ld, Time1=%f, Time2=%f", dwCount,
dblTime1, dblTime?2);
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pView—>SetMessage4Signal(strTime1);

}
return 0;
}
UINT BoardDataDisplayThread(LPVOID IParam)
{
CCTTestComApp *pApp = (CCTTestComApp *)(::AfxGetApp());
CCTTestComView  *pView= (CCTTestComView *)IParam;
CTPCI712L *pBoard= pView->m_pPClIBoard;
CTTimeWatch m_pTimel, m_pTime2, m_pTime3, m_pTime4;
DWORD dwCount=0;
int i=0;
double dblTime1=0., dblTime2=0., dblTime3=0.,
dblTime4=0.;
CString strSendData=_T(""), strTime1=_T(""),
strMsg=_T("");
BOOL bDisplay = TRUE;
USHORT gwTemp=0;
while(pView—>m_bDisplayThreadloop)
{

if(1(pBoard=>gwCyclicCount%?2) &&
pBoard->gwCyclicCount!=gwTemp)
{
m_pTime4.Start();
pView—>DisplayBoardData(); //
updatest OI0IE{ £ display..
dblTime4=m_pTime4.GetTimelnMilliSec();
strMsg.Format("DisplayBufTime B
=%6.4f",dblTime4);
pView—>m_tMessage4ST.SetWindowText(strMsg);
gwTemp=pBoard->gwCyclicCount;
pBoard->bThreadloop=FALSE;

}

return 0;

Fig. 3.10 Monitoring program
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3.3.3 7E3=

KEY PAD
DIP SWITCH
KEY

LCD & LED
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Current —|A/D CONVERTER
No.1 Ref.Cell —— 8ch
No.2 Ref.Cell ——— 10bit
No.3 Ref.Cell —
No.4 Ref.Cell ——

Gate Triger
UNIT

Zero—Crossing
——| R detect UNIT

—— | Dsi302

2 L

EEPROM M 485

93C46

WOT

—
+5v| | GND D

AGE2OV [ onee

.| MODULE 20MHz

Fig. 3.13 Block diagram of controller

A7l ICCPE FeAl7Ia AAet 7lEd=3te] A9E A6
W, MedelEHE AEstE ZO =, Fig. 3.13¢ Ao71e A&
el gt} ol =38 ZAdS zgsty] YelA A= B
S Aot BUWe dHolHE ICCPE FHAt A7)+
CPU(central processing unit)¢} o7]o] ALY FHsles 1Y =
B3 29s ddete A olE T vk 3 FHAXGE U)ol
7]%45!_%, PC2}9] Holy E4IRE, 7F&F, timer, AZIZY X
B, Alo|lE Ef|A BE, H2Edo BEE, 4F Y EE To=8
T3t

dolg Ay #x|o] AFE-%+= CPUTE MicrochipAte] PIC16F8779]
t}. o] & wo]=Z el (pipe line) %5 717l RISC TZ(reduced
instruction set computer architecture)@4 A3PAHS FHEX O
2 =9 7 9 A v B398 5 F de BEAHvt

EgH 5 ADCE 7FAIaL Qlof AdAle] delek A7, At
o] dlolgE d+d AHEHh
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PIC16F8779] 743 542 Table 3.13% gup!P 1920

Table. 3.1 Microcontroller core features of PIC16F877

High-performance RISC CPU

Programable—code Protection

Program Memory

8K X 14 words

Data RAM 368Bytes

Max. Speed 20MHz

I/0 33 Ports (Port A, B, C, D, E)

10-bit Analog-to-Digital .
8 input channels

Module

Serial Communications MSSP, USART

Parallel Communications PSP

Capture/Compare/PWM Modules| 2 EA

) 3 (TimerO, Timerl,

Timers :

Timer2)+ WDT

Interrupt capability

up to 14 sources
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Program Counter — RAOMANG
FLASH RATANT
Program RAZIANZ2IVREF-
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Bus 1 RAM Addr ™ 4¢ 9 FORTE
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Instruction reg ::;
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Lo
7 Addr =1 RB4
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Power-up RC1/T10SICCP2
37 Timer RC2/CCP1
Instruct Oscillator RCWBCKSCL
iy Start-up Timer RC4/SDISDA
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Timing Watchdog L1
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Fig. 3.14 PIC16EF877 block diagram
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PCM Command
Line Interface
PCML MPLAB Example Software
Interface with Drivers
PCM DOS Device Table
IDE Viewer

Fig. 3.15 Block diagram of PIC C compiler
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Fig. 3.172 DS13029] block diagram®|t}.
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Controller osct 0sC2 |
Timing
KS0066 generator [T Backli
cireuit ac ""5’“
circuit
Display Character
data generator »
(DD) RAM (CG) RAM Shift LCD panel
DB0-DB7 6 register

R/W ——= output

RS ——| buffer

Instruction Instruction Character q r
0 register * decoder generator * KS0063
(IR) (ID) (CG) ROM

Ty ' —

E — >

Fig. 3.27 Block diagram of LCD

Power ON

L]

Wait for more than 15ms after
V,p rises to 4.5V

(]

| Function set ‘

v

| Wait for more than 39 uS |

Y

| Display ON/OFF Control

¥

| Wait for more than 39 uS |

v

| Display Clear ‘

Y

| ‘Wait for more than 1.53 m$S |

v

| Entry Mode Set ‘

v

| Initialization end |
=

v

| Send DD RAM address ]

L]

| Send data |
I

Fig. 3.28 LCD flowchart
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Al
BF(busy flag)E A3ttt BFES #dsle] 1ol &) busy AH
o' 7|t oF staL, Ool¥ A FEE oU|stEE Ut B
Al Fig. 3.282 LCD9 Z%7|3te} A A S EZ9AER
e AT} ‘function set’dlA+= 1, 2 line mode$®} display on/off
71%S Hesta, ‘display on/off control’ oA+ display on/off,
cursor on/off, blink on/off& AEsk 4~ QlT}. ‘display clear ol A]
+ z2713+E 98 LCD A 7l %ol A9+t

‘entry mode set’ 9|4+ decrement/increment mode, entire shift
on/off& Aee 4 Ut}

DBO to DB7 ¢ validdata

(Read timing)

RS X

R/W
. N e N

DBO to DB7 ] validdata X
(Write timing)

Fig. 3.29 LCD timing characteristics

Fig. 3.29% LCD¢ % °Elo|wS uyehdyg. &% 9+ HolE
(valid data)”} 7] 9lsix= 52 Elo]yo] gt 23S 79

68



g ok gttt LCDel 22+ 523 ¢]2 52Xl RS(register select)
255 WA FolA RS HEs AAE 39X, DRSS A9
sto] FAE 890X E AA¢. avks R/W(read/write)4l &
5 FoA dHolHE Y& &xAAE ddsiAEL. Ot
F/AEA HolHE &93sta, LCD
ASE Jlow= HFFo] FH Zb
Aol FE T
Fig. 3.302 & AFo|A A}&3 LCDe 32%E el

us

VvSss
VDD
VO

1
|;H

RS_
RAN
E

DBO
DB1
DB2
DB3
DB4
DBS
DB6
DB7

0 N

15 | vecc

N 16 | BkLT
RS5
LT

LCD16 4

Fig. 3.30 LCD circuit

Fig. 3.312 485 %Ale 32|t} o] FAI¥XE9 RS-232 to
RS-485 converter?} AZAH o] AFEH} E41s 4=

485_B

485_A

Feebes

Fig. 3.31 485 communication circuit

Fig. 3.32%= RS-232 to RS-485 converter®] 7@ xe} A AAH
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o Uehdith Au|zte] WEEAS 98 RS-4852 Ahgdta, 7
=
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ND-6520
RS-232/RS-485
Converter

C RS-485 bus Terminator

RS-232

NuDAM oS! N B B W ‘eH

Host RS-232 ND-6520 RS-232
RTS @ @ RTS
GND @ ® GND
TXD @ ® TXD
RXD © @ RXD
fNuDAM—GSED l*NuDAM
RS-232/RS-485 module
Host Converter
Computer
DATA + + DATA
L Rs-232 DATA - -DATA
+V, GND +V, GND

Local Power Supply | |
+10V to +30V I |

GND

+\.4’s
C_L_—___'"__ ]

Fig. 3.32 Connection between host and ND-6520
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3.3.5 M4 =9 9d=9 3=

MY AAFFL PN AAHoE AUFANE A A=,
A8 Z(power ripple)d] #HAE alxA HAdd =4 ol H (voltage
regulator)} A ZNAE =3t}
Fig. 3.332 ICCP #A 9] A ¥5 BE 32EE Yeldr)
V(AZC
—/‘; RS?
7805 D?
3| o IN L 7805 IN 1 29V_R 7\T’>
BE o T a_ b
+15V “ Jev.se) ot 220V R_|
0O RS? BRG2
‘ 7815 20V_Rs \
1 g %Z . Rl
5 C? o Cc? -8 J
ey I L(\/ > 2 VTSR32N8(15VA)
0 775 C? - C? 2% Y g
‘ T 2 IN %UT 3 4 7915 _IN
RS?
7915 1
[l
Fig. 3.33 Power circuit
A=8 FEZE+= chip-selectordl &3] g dlolHE AT AA] =
dAdo]EE MelstAAE AAFT} chip-selectorZ2+ 741.5138%
ARE3EF AL, o] He dHA T A0 T A29 9 input BEE outputs
AelEt A Fo}, Fig. 3.34+% chip-selectord] 3] &xo|t},

71
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A0 1A YO 573 INPUT1
A 2 g Y1
Ag; 3 Ic Y2 573 OUTPUT
Y3
Y4
6 G1 Vs
A> g e
Ad ) G2B Y7
74LS138

Fig. 3.34 Chip—selector circuit

vCcC
/\

|
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Fig. 3.35 Input circuit

Fig. 3.35% 949 3|25 uepditt. ggol= push button 471, dip
switch 47 % key switch 1712 o]Fo# <t} push button &
set_sw WES EEXH ol Y YAl AREHT fun_sw HES
FAe] FA/AFAA A AREETE up_sw HES T2 JHYA FAE
S7HAA o A E AEE B o AMEET down_swE X
g #HaAA F=o AAAE stes = o AREHT

L

SS9 A AA e AEe AR

R
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-
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o AAGAI= o] o] FofXH] =t
dip switche 7|l AFEHHEe Fa4 2 AU A
T=2 A3 Fig. 3.362 dip switchd] A4 WS =239

EEw
]

A B8 C

Fig. 3.36 Schematic of dip switch

Table. 3.2 Dip switch setting

A 00 01 10 11
NEdGT AA Ul 27 [ 3 | 4
B 0 1
Aol Fo 44 | 50l 6011z
C 0 1
Agdee s 47 24 34
#Dip-SW7h ool A& Wiz “0"& ejvl g
Fig. 3372 %3] 28& Yehah
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Fig. 3.37 Output circuit
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Tek EGIE 10.0kS/s
[

18 Acqgs

M500ms CHi 7

BEX) 28 Jan 2003

14:29:45

Fig. 3.39 Potential waveform between reference electrode and

Fig. 3.39& 7|=d3S

Tek EITE 10.0K5/s
[

=

hull

ZNeo@m A%
At rangeE 50mVE HFHof &k e =& U] ok5)

126 Acgs

Ws.00ms Chi 7

1.4V 28 Jan 2003
14:26:15

Fig. 3.40 Potential waveform between reference electrode and
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Fig. 4.1 ICCP system
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Fig. 4.2 Transformer

Fig. 4.2+ 349 220VASS 24VE WStshr] 918 ®st7] o)t

715 e g% Fx
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300

Fig. 4.5 Tank

Fig. 4.5% 23S 37 8iA niitss & 5
Qo= 1709 F=53 279 7|&F 0] Yol dA|Ho gt}
72152 Zincot Ag/AgCle AX|8F3iT.
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Fig. 4.6 Controller

Fig. 4.6 AAA OS2 ICCPE Alojst= Alol7]oltt. A% 9F
o} AZstes Budela, 11 g2 Aolf|2HE FEse 7E,
agla QL EHS AMEAZE 23betal g9lE = gl= 2

z)olt}t, Qg Hol A AR = ARSI 5}-0)

W3 wgrele =, AR dHe = e WA

i 7|=fA 2 FAE] AT Z]EAA = el 23S WA
fAahA A8

F7tR 979 oI RO VIEASHUS TEAVIE SEH Al

= [€)
ZAZARES AE3E ARIAZAYEERT} 9o}

ISP AR MR EARE AL
Fig. 4.7 LCD of Set State
Mode

Fig. 4.8 LCD of
Stand-by Mode
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Fig. 4.7% LCDel Set State Mode7} 8% = AS e
th o] BREAE Z|EdF b g, Aol w@dlAl 3749
A, 7N TE ojud HEAS ALEANA L=

Fig. 4.8 LCDe°| Stand-by ModeZE YEILH o] REo= &
A ICCP AA2HEH SA4HE 799 A, A7 #he A
Aol Al Kol FT),

w

.

Fig. 4.10 RS-232 to RS-485 Converter

Fig. 4.10 #H3rHe S8 8] Aloj71e] MAX4859F RS-232
to RS-485 converter®e 2% o]},
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Table. 4.1 Measurement equipment

= AL 2T =
Intel Pentium4
CPU
Computer 2.54GHz ICCPe] AHlE =Yg st
RAM 512M

A7) yFe AX" CPU
Emulator ~ MR.PIC PIC12/14/16
g3 ko] Qg
500MHz, 2GS/s,
: Tektronix4WEdZ 34 F3S A 434, color
Oscilloscope _ . .
TDS754C =A 75 digitizing

oscilloscope

Multimeter TX3 multimeter AAESA
Voltage meter 30V A<t display
Current meter F.S 50mV A+ display

Current meter®] #A&o =
2+2-5le] meter7] B
Hole sensor 100A/4V AfF A=

Shunt 30A/50MV

Table. 4.1 & AFoA A1&3F 435 A5 Aoty AFHE Al
o]7]5 A RS-232 to RS-485 converterE %3] 5ol tlo]g

2 HolZEt} Emulatori= Alo]7] ulFe] Ax® CPU ==z 7))
o] ALgETh QAR AFIEE B AT 7 A5t FFHES o
=H AFEE AT ICCP Al&Fo] 34e]7] wiitel 442 374
F= ™A SAYE = vk Multimeter= 4% 449 @& H
AR vpe BolF7] ujio] Ao F&5HA AHH AT w3 7]
NZ A AT AF WSS nlEnE 24 52 Ak WE)
b AF derlE ARgsln AR vErl= &3] A A

=
W
HE AdE b glol MEE Agdte] AFFS Ao u
. _
=

o AFuEelZdl mAEE AEAAES 78] f18] SAAE ARE

39 a1, o] 2 CPUe| A4dstsic).

AL 7EATNE 7R At Ay A A Zinegs Ve
o

Aoz AbgstolA A A7 100mVelA 200mVALe] e kol
vpeol strh. 1EfA EE O AlMEe WAL E VR R sl
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A Aol sk,
4.2 54 4%

2

Fig. 4.11°14] Fig. 4.169] 3g L2 A|o]z+e 90°c2 dSuje] 7}
BollAe] FPES 54T ot

Fig. 4.11& 349 AZAZ7 ddolt}. o] 332 8254 7-H 9]
11, 14, 16 pineZX-¥ 43 Zolg. AQJd1Ho] RAola, AY
owle SaFola A 3Wel Tolth Al #Fol 120° 94AE 7}
A3 et gleng ARIARA 2= A2 543

Tek Il 10.0kS/s 440 Acqs
[

R~ 5.00V  [ELE 5000 WS ooms ChT 7 200mv 4 Mar 2003
ch3 5.00V 20:03:34

Fig. 4.11 Zero—-crossing waveforms of three-phase (8254 pin
no. 11, 14, 16)
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Tek EIGIH 10.0kS/s 212 Acqs

thi 5.00V . 5.00 V MS00ms Chi 7 300mv 4 Mar 2003
5.00 V 20:04:47

Fig. 4.12 8254 90° counter waveforms of three—-phase (8254
pin no. 10, 13, 17)

Fig. 4.12% 349 AZI2A wtdo] 82542 713 90°E 71¢H

st #Eolth. #PF 7R Hal JdE RS lowE vﬂom

oltt. 7FEE7F 90°8 B 7he®WelH thA| high® Szt

Abole]l  AIZEE Alabs] B 90°7F Xéi‘%?‘f& AsE & F Atk =

7he® Hal e 34 BE S AuEd 9 12008 A st
A7) witol JhEHE AR AEEh

Fig. 4.13%} Fig. 4.14, Fig. 4.15+ 7} #4& w=2u=z 5743 393
olth. MY 1ML AZARA H3S A 2HL FLE] 718
B8gS, Ad 3 AVAHES Alo|EE EYA A7|7] 9% H
238-& YRt AQid 2HS A 199 ARARA ¥ F 90°
THEE low® "ojAa, Ad 3HLS JIEHYF IhEES Ed 51
of HAE WAAA o] Ao HAEWAAIHE 7HA ARZAHE

o] AoE Aoz FHrt 34 % A= 2HsE )
Fig. 4.16 379 27} A 424s 7HAa YelvgeA &
ZA3 AT 2™ A BeAAY 34 2F AgE ZAEEa Qo).

g
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Tek 10.0kS/s 156 Acqs
- =

i

CI ?] I 500V Chz 500V WM5.00ms Chi & 300MV 4 Mar 2003
ch3 s.00v 19:59:01

Fig. 4.13 90° waveforms of R-phase (8254 pin no. 11, 10,
74LS08 pin no. 3)

Tek EIIiiH 10.0kS/s 227 Acqgs
[ T

L

20:00:22

Fig. 4.14 90° waveforms of S-phase (8254 pin no. 14, 13,
741.S08 pin no. 6)
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1
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L N P RTTII
C“3 3.00¥ 20:01:22

Fig. 4.15 90° waveforms of T-phase (8254 pin no. 16, 17,
741L.S08 pin no. &)
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Fig. 4.16 90° waveforms of three-phase (74LS08 pin no. 3, 6,
8)
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Fig. 4.17 Output voltage waveforms for 175 firing angles of

three—phase semi—converter

Tek GTH 10.0kS/s
[

18 Acgs

0,07 W5.00ms Chi J

“300mV 1 Mar 2003

01:31:39

Fig. 4.18 Output voltage waveforms for 120 firing angles of

three—phase semi-converter

Tek EXTER 10.0kS/s
I
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89
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Fig. 4.19 Output voltage waveforms for 90 firing angles of



three—-phase semi—converter
Tek 10.0kS/s 43 Acqs

E o

[ T

MS Uoms Chi J’ 4 OV 18 Jan 2003
CiE 10,0V 01:51:36

Fig. 4.20 Output voltage waveforms for 60 firing angles of

three=phase semi—converter
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—&— Output voltage[V] —— Current[A] \
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Firing angles

Fig. 4.21 Output voltage waveforms for different firing angles

Tek 25.0kS/s 182 Acgs
[

NIZ 00ms Ch] .r l 3V 29 Jan 2003
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Fig. 4.22 Potential waveform between reference electrode and

hull with smoothing circuit

Fig. 4.22% AA<} 7&A=02 FEY AYE HEsh T3FHHE
ARSE HE3ZE A HEH FH9FE dERdTh o] 257t
A/D W= o] CPU fg#Heo] Hr} 382 A9+ range’} 500mV
o=z ¢ 1700mVAEeltt. 10wz SFsiglone Ax M=
170mVA L=, A97F 170mveld & BA e sgHnz 4
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Fig. 4.23 Monitoring Display
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Fig. 4.24 Protection current density and potential
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