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Design of Low-voltage High-current

Inverter-type Rectifier

Hyung Woon Kim

Department of Electrical Engineering, The Graduate School,

Pukyong Natlonal University

Abstract

In ships the ballast water treatment system (BWTS) of using electrolytic
disinfection needs low-voltage high-current rectifiers with such good
performance as high efficiency, galvanic isolation between electric 'source
and electrolysis module unit, light-weight and small volume. Several
rectifier schemes are reviewed: as-a_kind of good .rectifier -candidate for
BWTS and their comparison results are summarized. The most suitable
rectifier scheme for BWTS is composed of 3 phase diode bridge, high
frequency inverter, and high frequency transformer. The paper analyzes
the rectifier scheme and suggests the practical design guideline thoroughly
in terms of both power circuit and control circuit, and finally verifies it

by simulation and experimental results.
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Gc(s)zjg;+—o]_1—y_ ................................................................................ (35)
G.(s)= E(s) R 1 b FTh (36)

A ol5 waF FuE fedllA 0dBE WE Hurifls] 271349 ol 53

|Gp(jf’c)|d3 =—20log; K, dB (K, < 1)

KP:]_O_le(if’c)|dB/2()(KP<1)0] %]:}. ..................................................... (38)
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2-3 A5 7] AJRE F=g9 o] 74

2-3-1 AlRE=9] AA 74

A o= DSP(TMS320F2808)= T4 o-2 19 2-163 o] 74 ¥t

Emulator

T JTAG

Amplifier
A
o] s o e
ST T=x I shifter
|
|
Amplifier
AC HCPL
X ot/ & §r—> -7800 < Leyel
shifter
|
|
|
|
DC Link
1 XH2 X — H7%g|6 < | Amplifier
= ]
T
|
|
DC Link
o AD202
o
|
|
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|
|

A/D SCI
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TMS320F
2808

A/D PWM

A/D lie}

islation| barrier

MAX
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3480
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Coupler
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Gate Drive

Photo-
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Control Power Supply 1
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DSP core .
+JTAG | Logi Flash
c memory
Memory I/F 64K X bits
I/F
P bus I/F

Interrupt /10
Reset & C Registers

SPI SCI eCAN WD ADC

19 2-17 DSPE] W& 74

TMS320F2808-2 Microcontroller &212] DSP o Z A 13 2-179 4
HE AAYE AojFo] Hast diREY 7S F P = 3tx 9l
of wj-¢ et A AA7|E FAL F Ak TMS320F2808- 32-bit A
H 100MIPSS} AitEw =R 2 T3
S A3 Yok A/D AHEZE 12-bit 1634182 A/D AWE(A/D
Converter)E 7FA3 om, B =FAx= DC FAAUY(Vw), 5
F(L), SCR¥} 293 Axex ¥ W4 255 A/DWHS| ARE-3taL

&

Jom, fEdg Wy e DSP oA Aol daglE: dato] A}



Ik Aol dF3 ofdED AS
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1 R 3

o] & HAZZ7|(Isolation Amplifier HCPL-7800)2 £33t A/D
HEd JHEEHIL U

OAE 705 35719 A 7HA 1 gon, B =FqXE 29719 #A
S AFESta o, ol AlE= X EFAZ P (Photocoupler) S F3le] 2
FoF M7 g A vt nF/AF AHHE A|ojstr] 9
PWM2lE = DSPUO s o] e PWM LA 7]o] 93] mh5oiA|H,
o] PWM A3 E X E7 Z7|(Photocoupler)S F3 ACJE Ea}o|H(Gate
Driver)E T&3t= 232 A"}
DSP Core®ll= IEEE1149.1 #42] JTAG( Joint Test-Action Group )Al&
HEo] o] JTAGE £70 W o] o & o] Ei(scan-based emulator)2} =
& 3l Z=zas Jdols &olstmE.. Hol 9l SCI(Serial
Communication Interface)= F9lol A= AFEHELS FAAMEE 0]

Atk SCI §1/&¥ 4A5E RS485 TAlS S8 RS-485 & TH3l=

Jfu

AA Ho Utk Aoj7]E AREEl e AYL 19 2-18d4 EHe
A3} o] AojH =X DSPE FAOoE 3 RELS Ao HY I (CPSI)
S AMgstglen, AoREdA FRIZFET CT, AJE =golH

(Gate driver) F-#2 Ao HYU2(CPS 2)E AH&-3IATH



CPS 1 Control Board
—1 (x£15[V], + 5[V] (DSP)

4400Vl +3.3[V], + 1.8]V])
SMPS
CPS 2 Control Board
L (+15[V], + 5[V] ) (perlpheral), CT,
Gate Driver,

Display Board
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NFu QAIME 9 IGBT 75 =golH J2E J=dojyoz HE
Y= 2us FALH v o] 74 Stk Z Fol a¥ 2-229F 2
FEegtolBrt shuH AZAE Aotk IGBT 293 A5 & DSPolA
I/O Portoll Al YA ®t} o] o IGBT Gate Driver= SEMICRONA}S]
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Task Control Funcion
(1000 usec : Zero Count
Interrupt service routine)

)

A4
504 sec DICH 2 A Bl=
Zero Count
Interrupt count

1001 sec
HH <= 2|
Time point

rectifier-controller
Function call

<
<

return

C D,

a8 2-25 AF7] AoJH e Task Control function
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( Main function )

A

ePWM, ADC, Digital I/O, SCIS
2t = Control Register J|3t &8

4

Interrupt Enable

y
RS-485 A1 H|0|Ef 2ol
SAGI0IE ZHI

\ J
Rectifier 52 £%
start/stopSequeuce Control

Y 2-26 AF7) Aol AT EHS ] ZUEHRE

Level 1= Sampling Time®] '100usecq] Ale] AAHF-o|ct. o] #H o

X

~ =YHAF/EEPAY AAE 938 Delay Time count AR}, 14 ™ H

A AARZAL, Vile 3, AFA 7] PL Ao]7] 4L Duty cycle
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Rectifier_Controller Function
(100¢isec : sampling time )

Y

Delay Time= Count
(T10M)

No

Yes

Idc HEX| SFHA
(1) Ide HEXS 2
QO LF QIHIEH S4EA
) S4UA 5 1de HHEX| S|
(3) lo 2t 22 THAI &S
T10M=0

Vi, Ide £§

\

ESESPINIOD| S

'

Duty Cycle(Modulation ndex)
el
Compare Register 0l write

-
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2-4 AF7) ASRE AR Y&

SOC SOC SOC
2500
ePWM1 TBCTR
1250
0
Event Trigger | S0us |
(ET) at Zero CTR' !
1004s
Interrupt F %
Generation(IG) T T T T
ET ET ET ET
IG IG

1% 2-28 Time Base % QlEHE A

(1) Event Trigger(ET) : Counter = Zerod ®w}t} Ay (50usec P} HAY)

(2) Interrupt Generation(IG): 2'*H<}. Zero EventZ}& <k 1 2FAY
100usecP}t} AN HETA AloJF3L9] sampling time > 2 AFE-3H.

(3) Synchronization : CTR = Zero¥ Lot

(4) CPU CLOCK, SYSCLKOUT : 100 MHz

(5) Crystal Frequency : 20 MHz (W*& PLL 3= : =314 58] AHl)

(6) SYSCLKOUT = 5*Crystal Frequency =5*20MHz =100MHz



(7) AD AWE HE A AlF(SOC)E ePWMI Z 52| Time-Base

Counter(TBCTR)®] ko] TBPRDS} 7S uf WAsle® AA

ePWM1 2500
TBCTR

/ 1250
% o
ePWM2 ) ”
TB? 9500-0 / /
> P

povia I )
1IN

- Ll

a9y 2-29 1133 QI E 9 Phase—Shifted PWM &4

F

i

)

TF3 AW E ] PWM WHAY
(1)Phase-Shifted PWM HH2]-& A&
2)2=91A FI5E 20kHzZ A4 - W7 27 a2 2 AA

(3) ZVS =91 A : Switching loss 74



Reversal-switching

Reversal-switching

\Z / finish ((

Idc_ref _final

VA )

< »a »

Reversal-switching ]\

ready -
) . )

Soft-reversal-start

29 2-30 A5 AuEe] F4 wA Ao

=4 ¥ F 50msecs F AT B
(4) ePWM3S ePWMIHTE ¢k 905 FHAA 24 &

= One-time software force event

ADC Module? A A
(1) ADCAIN, ADCBIN®] PIN Hj x| = ADCINAO
ADCINAI1

ADCINA2

A A

ADCINBO

ADCINBI

ADCINB2



A v X3 oF Simultaneous sampling mode 7} 3l . =FoA A

St AojZ 2= A group ¥HA TS AFE-S2F Simulataneous sampling

modeE AHE-3IA] &+

(2) Dual Sequencer mode®} Sequential sampling modeE A}-&3l=5 A7

(3) ePWMI1 SOCA AlZ7} (TBCTR=TBPRD)Y uw] TAEHEZE ¢PWMI
9levent trigger 5%

(4) 225, 229, 1R/, 1A @ obd R gAY WA

(5) B8 TR AL 9

T

rol
[a—
5
(¢}
2
=t
>~
>
ofo
2
o

Trip Zone Module A7

(1) 7% T (FAULT)A] DSPE TZ1 @A}l Trip Signal <17}

(2) TZ19 A7}¥ Trip Signal ©f <]}
ePWMI
ePWM2 = Force Outputs LowH == A
ePWM3

(3) ePWMI1 EE°| o7 CPUY QHHE Als A2 43

ugHE QHPE Mulz Fdo] AP

Protection Scheme
e TZINT1 A (Fault 23} FA]) = Fault Detection = Protection

(Hardware = Main protection, Software = Auxiliay protection )



e Fault Interrupt Service Routine
(1) First Action(Cutoff)
Trip Zone Module®l] 3+ Hardware Protection
- IGBT Gate off, SCR Gate off, MC1 off
Interrupt Service Routine®l] €]} Software Protection
- GPIOE 3%+ Off signal =¢
(2) Second Action(Reset)

Heavy Fault - Arm Short(ZAF) = HY off & A7|&

(A/S 2l &3 A 718)

Light Fault

FAJ1=2 DCASY), - (HS1, HS2), #3122 DC A /)
= 3]E 3 Auto A7F5 (Softwareel] &3t A 7|%)
(3) Second Fault 343
- all off
- power off = AS-£22, A off T A7F
o A AAHE== ol e} ol A, DSPS TRIP Zones AM§-31H,

uAo Z2RE 3E & Softwaredl] &3 A 7|E A



DSP

FAULT-OC

(DB 24

Hardware Protection

v

J TZ1
(Protection, (ePWM 2= AIE)
Interrupt)
GPIO Software Protection

(GPIO 22 AIE)

A 4

ESET LT

a9 2-31 Alad 1% Y

3£2-2 DSP 28089 A18H =¥ H

5 Digital Signals
GPIO Pin E‘ggguon Signal Name Related Signals
GPIOO  |ePWM1A(O) IGBT S1 (Photocoupler)
GPIO1  |ePWM1B(O) IGBT S2 (Photocoupler)
GPIO2 |ePWM2A(O) IGBT S3 (Photocoupler)
GPIO3  |ePWM2B(0) IGBT S4 (Photocoupler)
GPIO4 ePWM3A(O) MOSFET LS1, LS4 (Photocoupler)
GPIO5  |ePWM3B(0) MOSFET LS2, LS3 (Photocoupler)
GPIO6  |GPIO6(D IGBT Arm short (Photocoupler)
GPIO7 |GPIO7(D DC link overvoltage
GPIO8  |GPIO8(D Overtemp Heat sink(Photocoupler)
GPIO9  |GPIO9(D) Lload overcurrent
GPIO10 |GPIO10(D) MOSFET arm.short (Photocoupler)
GPIO11 |GPIO11(D) Fuse (Photocoupler)
GPIO12 |TZ1(D -Fault Fault detection signal for protection
GPIO13 |GPIO13(D) Water (Photocoupler)
GPIO14 |GPIO14() Power ON (Photocoupler)
GPIO15 |GPIO15(I) Power OFF (Photocoupler)
GPIO16 |SPISIMOA(O) SPISIMOA DAC output 1,2
GPIO17 |GPIO17(0) CLR DAC DAC output 1,2
GPIO18 |SPICLKA(O) SPICLKA DAC output 1,2
GPIO19 |SPISTEA(O) LOAD DAC DAC output 1,2
GPIO20 |GPI1020() Remote (Photocoupler)




GPI021 |GPIO21(D E-stop (Photocoupler)
GPI022 |GPIO22(D V/I mode change (Photocoupler)
GPIO23 |GPIO23(0) Input overcurrent display (Photocoupler)
GPI0O24 |GPI024(0) Output overcurrent display (Photocoupler)
GPIO25 |GPIO25(0) Relay output for MS1
GPIO26 |GPIO26(0) Relay output for MS2
GPI027 |GPIO27(0) Extra relay output
GPIO28 |SCIRXDA() RS-485 #HFA RXD wh=}
GPIO29 |SCITXDA(O) RS-485 A H 54l TXD ©@A}
GPIO30 |GPIO30(0) STOP/-START |TZ1 Request by software
GPIO31 |GPIO31(0O) OPERATE LED output
GPIO32 |GPIO32(0) Comm. direction signal for RS-485
GPIO33 |GPIO33(0) IGBT Gate off by software protection
GPIO34 |GPI034(0) MOSFET Gate off by software protection
Analog Signals

'ACCT3 WFE8 A3 (HCPL 7800A)
ADCINAO

(% £24VAHE)
ADCINA1 ACCT1 wF9=d71 (HCPL 7800A)
ADCINAZ2 ACCT2 w5872 (HCPL 7800A)
ADCINA3 ACPT1 =2 7<% (HCPL 7800A)
ADCINA4 DCPT1 DC LINKZRE (HCPL 7800A)
ADCINAbS fo command 3% F &  (CPL 7800A)
ADCINAG6 12 DC LINK Z8F Vdcl (AD202JN)
ADCINA7 27 DC LINK # ¢ Vdc2 (AD202JN)

— 46




3—-1. 7] 715 (Soft Start)

Atd WAooz AW s AR 7Y 28 54L
dotr 7] fall ®2-29] FJHvHE AlEHAS AT I¥ 3-1&
Soft Start 7]& A] MC1/2¢] A5 IFolt}, ojuje] MC1,29] A3 E
HA = ME 0.06%0 #F AE 7HALA MZ AREEA

on/offAlo] Hi AS5S HAFE

MC1 mc2
1.00 I
o |- ASY 4R N
oo || PE [ G WA\
o |- \B\ QA Y )
oz | NPN WAL (N
0.0

0.0 D.I25 0.;50 O.I?S 1.60 1.25

Time (s)

a9 3-1 &ZE 2gE F3FA MC1,2 A5 3%

O A3 27] 71§ A 2™E3-29F o] MAE o] AsstA H T

-

a9 3-39) BEAY 27 BY AFES ARA Dok
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19 3-2 Soft Start +% A Cf AY =3
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Time (s)

13 3-3 Soft Start 7|5 A] Cfe] AF 93



A nEE AWE ] 29% Aol wEz

AAE 53 5 A FA% AF S7HE 47] 938 Phase Shift PWM

V_IGBT1 V_IGBT2

2 LTI rLrL

Vt1

0. r

0.50K

0.25K

0.0K 3

-0.25K I U U‘
-0.50K Ok
-0.7

-1.0 5 1

300.00 300.049 300.098 300.146
Time (ms)

a8 3—-4 353} v B Phase Shift PWM A& 3 3

a9 3-5% 3l AR AR7Y A 1T AHE e Al
- 2 A ¢ 5 Y. 1" 3-6
B tAo =2 7CS(Zero Current Switching)

guj 19 JIMEY 29 AYS E°)7] 93l ool MM HAas)



V_IGBT1 V_IGBT2
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0.80

0.40
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Vi1
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Time (ms)

a9 3-5 139 WY ZAF 29 93

V_IGBT1 V_IGBT2

1.20

0.80

0.40

Vi1

699.90 699.95 700.00 700.05 700.10
Time (ms)

a9 3-6 1F3 WY &9 T4 9y




OY 3-72 ZCSE 7] A ogk v AAobd E¥He AAM3E 0o

2 pET 2979 A5st A sl 29 Aol 00] He AL Hol

V_IGBT1 V_IGBT2

1.20

SREREE
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_ |
== | J{pTIONA]

-0.75K

829.813 829.875 829.938 830.00
Time (ms)
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A7 JIME Y MOSFET &9%o] A2 E HIL Ues BHAF
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