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= o8 wokel wel Aeldt dyE

SSTe] A&3tE flaiMe= v 743
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og] 7§o] Eo] 918 AY Fx= AdFo] uksSTY U Aw),
DC-link A% (Vpe), DC-link e & #hdVpo), A=A 23
NSVt sem)y, 2224 IS #=- AR (my) 2 8 A 2x MFmE
AABIE W Ve HREVoam) R H R Voamn) T 2ol <3l
=

V.. (1—-m
DC (max) :MX rated _semi (11)
Voe + AV -
V.. —AV f 2v,
VDC(min) =25 % 2 x VDC(max) (1.2)
DC

o] w, FA8k= nhe} o] po] FoldrE WAl AIAEe] 714, F-v) gl
o] TR HER 4 (12)5 v HMSlelA Ha ng e

e g

nzceil[V Ve X v, J (1.3)

DC AVDC VDC(max)

¥ 125 w =12 kV, AVpe=01Vpe, m=02 L W, Vied sen®l WS nS HITH

ol W= Z} Viwen©l WEF SSTS A 3-2479] REO]

E 12 22 Uk 2E N5 (w=72kV, AVpe=0.1Vpe, m=0.2).

PoverSomndctr iy P P Nambes ol 0
600V 47V 457V 24
1200 V 893V 914V 12
1700 V 1191V 1295V 9
3300V 2144V 2514V 5
6500V 3573V 4952V 3
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olFeAaL glow, Yol olg 7ML Al AHH R Fhashs
FAlel 2ltH26-29]. ol EUlE EPRI:= 2030% 7] SST2] 7HA 0] @A)
21% 7o wojd Zlom FSe9ith20]. olsh ol M ARk
FAZE A&dThd FFolis 73 dwE SsTe| o] i 2
dlag Ao oden,

W, B2 Agdel o8 ssT 54 A4 BAHow ve RE|
A4 AdHoof k. spAwt HE

AA Al 2Elo] F2AEA] 3Al Hi= @ 31735 (SPOF, Single Point of Failure)

flo
)
pad
=2
=
ol
o
(k]
o
3%
o
2

A - FHeksl] wite] A™Ez dAdw EE 4Vt BoldgE
A 2E0] A "ol A Hrk o]F JfAlEy] flste] AE A elA
EE g Al vpoldibypass) AEE FUFeRL ot EE(redundant
module)S £%Jeh= ¢ AlglEo] By wl QltH99-101]. 1 A3}t 2™
T A= dEde] 2ES NdS E]lske 3lo] Ankgl Holow,
A A = A HYlok s AR AAEL] AFEA AaE
el Agd B oflEl Alduder EESNE EYdhs 3]

Ebdsith o]of] #AF Alo](distributed control)E F3l M-S Ytz
73

-

—

k= dArE0] olFolx b Qlo}32-36], 11 Ul SSTE $HyEh
Aoje] BEshrh Batgl Alelis o ik webd dA7bA] Barg Ao
WS ol 82 A9 el winlg MY Ao AAEE FEEoR sk,

o
T



ueba] olel g2 FAIE skl & =wolie SSTel AH{d

o, & SSTe] dEeke REdtd 4% 34 SST=o &go] golsh

2
s,
oX,
N
ne)
2
>
kit
o
X
fljo
ne
fio
4
30
N

| wlEell B2 AT AbElEol @
SSTE wdox A& 3yt vl QITH18-20, 63-67, 93, 94]. °o]el &+
oM W MV-LVE SSTE dide®  F Alo]7(central
controller)’} B3ddh= kS HA3leh= HAak Ao WS Algleta o=
Assto] SST A el 7ofsh= e HAow s sk A9
el He Ae AYoEZs= MV 8] H(distribution voltage) &
n)=roflA 7P wWol AREE AL QlE 72 kV 1247V A7E HhHS
2738 TH37.

TAAJ] AT o> 19 159 Holi= CHB(Cascaded H-Bridge)
ZAWE 9] AC-DCH, ts 5% DAB(Dual-Active-Bridge) ZAHE|S] DC-
DCY, QIHE|S] DC-ACTHe® o] Foxl 3¢k 444 SSToltt &, &4tk
AAE Fot 2 P2 o BEQ A9y AFo] 7FestRE 2

=roAE B 9Y EEE Y DC-ACHS A|9)$h AC-DCH}



H-Bridge . Module

[
J
3
u
————/| 110220 V
AC
-
7.2 kY] DC-AC
AC —1 Converter

AC-DC DC-DC
Converter Converter

7% 15CHB AWE, & 25 DAB AWE, Qe F+4 3%k SST

A Aol T AFEAE &Y

ol

QFo R ¥ = X9 =(feedforward)
7Iake] 7H A Aol WS Alekstel AC-DCHe A3kt 7=
SST #&A AollAi= CHB ZHE Ao Al nlle] BERE (n+1)712] AE
W71 A8 AR + w7l DClink AHE Aojshr] et Als
Alo](hierarchy control) =2 "FAE-E#H[O]H Ao (master-slave  control) =
AHESFATH24, 63, 65, 67]. BFAIRE ©o]E<] g Aole] N TVeE
Tt TYMAE A7) 7 Al A AAFe] s oAl H=
wAZE EZAgTE olell AT Aol A W] AlARS FE EAE
ds = o, AAl A" E3LE 9o v]go] FA s

Hrh23, 30, 31]. vkAE-EHo]H Aloje] A9 tE EEo| ukAH Vs

s
Mo

FRForn 1 Al ddE & ARL ol BE 3L



%1 & (bandwidth)]  EAl0] Hesly] wWite] duiHow 2 o=k

ek Y Asdels TS @ Wilolthgl W Ak

H(state variable) A|oJE AT & Qlvy. 1 Ay FF A77F

gaehs ode] AA AlxY 9 A3 A

ut

Ag 5 P} olFoldA ke A% A wWake] Falo] Wolx|

i

AlEe] AlEAo]l  Eolx] A
AgellM= tE BE DAB ZHE Aol Al A9 o s S5k
AT AlE A& AT w2 A A gk tiFo] Ax]w]o] Q1A

oFthe63]. At Y=l F T (feedback)S ©]-8-3F HAF Ao] Wy o)

th3g8-41]. oo 7]&E SST

ARk 9% ok A B#E) A9 A% gkl dig ezt

o214 gro} AAH o= AFEE ol ofeigol Uried) WA
¢}

o]

i

g
o1ge WA Ao} WS Mgl WY PY % WE 2 A FE
EET S

Ao = Alsk= S WAl 72 kve Mvel oA

T
i
n

o
lo

=

= o

N
Ot

bou 4A ARl MVE BE 5 gt 48 83 ¥ H4

YL Bool 1 HEAS AFH

&1

| &1
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2o = 719 SST 3|2 4 W Alo] W 55 AHra, o]E

Erz SST A4 Sake 99 AT e Ss

3= SSTS] AC-DCHS tjato =z &te] CHB HB|Eo] #g3

Az A Ale] s Alsta o de ¥ gas Vedth EE

T b

2o 9BE Fao] AlQke WOl TS Selak

470l -= SSTS] DC-DCHHE thito® slo] ths ®E DAB ZAHE <

5ol = st=dols TrEskhal Adste] I AdE Hola, olE

B2 AQRet FAb Aol WSS e HSRth
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A2 ReA |AY7e 7E AT

2 AelM= W MV-LVE ssTe 3= Mg gl Ale] el s
71 el weid alshal oles EHlE SST AlEA e f%

AT PG AAFES Bk

2132 4

PJ MV-LVE SSTS 32 THL 1 WiEd] neh uls teksh
ol % 9Tk T F MV AC Ug M e ANE A 5

A=A oz, A WMBY TA St U5 AT ZHAN 4%

o]

u

SSTY A7 TFE AN F Sl 7IsHe] E 5 3k ol &
oMz olgs 7IEe® g VlEel Hd Fo 2 s
bl Zt7ke] 5Ae AvREs Sl 5 o] o & vl

M AR HE TS AP dk

211 33 ¥F s W e R

SSTE] MVAC t-g WS 3ot xpA) R 22 &8 39, dE
gl sl 4 U] 9 o BE Y A d4d WHo R Udth
71 Al 7HA] W olgJellm W2 Uiqte] AAE AE Ads)] aqtel o

3% oHa47) AT BAHOZ 9A 1 1Y AR B4 Aol



—o o _Lf “—o
Converter Converter
I
)
MV AC MV AC Converter MV AC Converter
Converter ®-F
H
Converter T Converter
—O0 —o —0
@ Y 2 (b)ydE] ' 3= ) v 27 9
NEA 2 e P T CEERE

o HA Z W Z(PWM, Pulse Width Modulation) 213 A 5o olaf 72 A~
AH el dul= At 2Ed2vt DA Bk weba 7 29w
Zhflok sk, ol BEe] R TV 9 5E
stz vERd = Stk m=SE 29029 Ay Ado] AlxHle] AlFA A
s o1 = Qlth oldE olfE Fal ¥ [47] o]9]ellE= SSTelA o]

5 Z83 AkZE A Q7] wiel & =elXe AAlS] vhA b

-

)
=
2
=
ot
o
HU
4>«

2.1.1.1 TG ZpAT A AAF 88 9

H 5ol A7|AEAL a5HE, AvkE J8E T &8 FoklA &
dol e kel it e97F SoiEe] web ®sHfASiC, Silicon

Carbide) %! A3} ZHF(GaN, Gallium Nitride) 2A412] ¢}o]= W= 7A(WBG,
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Wide Band Gap) WF=Al]l A27F FA] 7238 REal QItH48-53]. o5 Sist
Hlwate] A A7} ofF 108, AAESELE7E oF 2nll, DA L=80] oF
3o o]2% T Hold EAS 7K Stk o] MV-LVE SSTel|A] 10
kv ool et Mt WA 2axbE olgete] dRE AT AT
AbglEo] BaE vl QrH54-58]. ©] A¢ 71E LV oA AHgEE 3]

2 4 % Aol WS &4 288 o slvke Aol itk skt

b4

2016 AA 10 kv o1 WitE 2t WEEA] axks AT ARlRY 2
I Ha Sl Ao, I MR il BT TSl &b digke] et
A= A 37, AlClE T8 32 5 FH 3R A = RlE &
st 545 st o9 =2 Ao A9 Al BAlsHE A}t
ZHd(EML, Electro-Magnetic Interference) A, 2917 =4 &4 502 <13
v A&l AT Bal AlElgel: Bk, A U &AL vkE=

A 2A4E o]&37k SSTE /d88lshe Aol ofgfwol givkal ddkdt:

2.1.12 8 ¥ 37 A4 ¥

el Hl ]2 oidg ) el S8 Age B4, W ¥E &
Z(common mode) X, FEpel] 77k AF e 9 22> &= ZE
o Ao QlEf 7|Eel Wol &&Ert oy Hy #E 3= F
NPC(Neutral-Point Clamped) ZIHE|{$} CHB ZIHE]= 7|&0] AF-g38lE o] AF
QAN 2AQM7F o, SST Hofoll w1 &g Aldl7t 71 Hol 1
153 QUTH59-67].

713 22% NPC HWHE|S] tiA el o<l 3-#¥ tlo]| o= ZF:MT NPC

16



] A
T Hix =l | V
o~ O
)% 1} & +
] _

Ja} e

13 22 tho]| @ FIE NPC AHE (3-2)
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% 23 ¥ BE CHB AW E 3-#%)
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ABEE BRItk TJdeld & & Sl ARdS 279 ZsiAlY
(capacitor)7} A H=2 AAE o] glow, o] AAH
o gosie) s Eli(Leg)s 4709 A Axkel S AAdH
g voleE=sR ATy ME B2 A AdAE 97l a4
¥ S tolert =5 W S Aol sidele dstel 9o

2 Ueh HER AEE Al Tl ASAE fdel dHsle A

ftlo

Z=/d(neutral point)Zk

it

OS5V WS Bew Ak weba 2 A wa) 2
o A7 ALS 2= 242 Hz Pl sPsshti: ol ddnk wa

= A (Pole Voltage) £ o] skt Solt 28 Aol dvdert Aol

3, 0 &Y A% F4 9 EMI 5S4 WA a3 5w YEh
©

Hog FQ3lrHes, 69]. E3F o]EY o] moldeE HH 5 &Y

= 99 tolerl 7t 543 soluvta ARt AFAIES] Ay
@ Ao7b B EAZE vk webd Ao ® agtel| ti-gstr]
et @l =7 sRuE 2 Ffolls B AREEA] 9EtHe9-71].

CHB ZAWE = W H-Bridges Ad2 43t s|2olth 19 230 ¢
o] ¥ CHB #WEY F+%= Bl © 5 CHB AW E= H-Bridge
o] PWMell wet Vig, 0, -Vl Al 71 #ils 288 & glom s

A9 dde BE 2 St 2w 28 Jbsd A S Z7b
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Z 4 Stk CHB 7AWE = 7]

re
td
et
tlo
oft
2
ot
ol
o
ofo
o
o
<
=
A
2

63-67, 09]. Rbd CHB ZAME o] AFat A2 d5E wkeAe] ykro
wobd ¢ Q7] wiiel 9 25 Ak Asels A vk wmd &
A EA Apo] gl WY mws wwlel oJel] DClink AsAE 1E A9k =

wgol WAL 5= 3lof ol gt o] H . slti7s, 76].

211305 BE dE 3E 44 ¥

2] Ago] e AN SgelN tF mEY YL 4YT A

el 5ol SST AF EE=A] Y Alo] We] tigh AvE% B ¥
1l SItH32, 81].

Uz 25 99 2d 94 WS 1 7o) HE o 32 74 U
B ARtk SN A AW the] A9AE Mvel| tigete
gl 32 A g2 v BE oY AE Ad el A9A7t
A= AAE ] Bl AgREE etk webA HE g Tds 9

g PWM o] o3t HE o 3= v 2] e pWM A
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2o] BealA] sirh gHlo] k. Wi
A olg g3 Aol Aea.
o mE gAY QA wEe F90) Welel et Al X

o 3 HAlE 19 24 2ol te PAS olgs] B BE S

ko

F QA4 T5 B 919

Zhk= FHjolth82]. ol 32 Aol WA FhdetANh, E¥o] T B
wolmw HESE 7Y S AT 7 Gtk 7 HAle 2¥ 240l K
o] <lg AY-Z2 WY (ISOP, Input Series-Output Parallel) =5 T-Ao|ch
[83-86]. CHB ZIW{E{ol|x o} npxi7px| = 7p7}e] Rgo] FUsh 3=, Ao
TEE ARES7] winel] AlAE go] golstar, 1 Al thgo] Hrke
FRo]l Slek skARE §lY BEES Ve AS7 vE27] wiiel E¥s
WUz Adsb] faxe A9 el WEA] HSH 7L ARg-E ook gt
npxuke olg AH-Eg A= F(ISOS, Input Series-Output Series) &5 -4

o=, 180p% T4 sl R mEake] 49e Ado) deu 2ol

L
ORI E==@”&>F3£, OF__H0
il L) L

)
@ Y 25 Z2[82] (b)ISOP TA[83-86]  (c)ISOS T4

% 24 Y BE Y 2Y A4 9y
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STl 3]2 FHE A W] Fol met 19 4,29 T4 9 3%

¥

(a) 15k 143

=i

(b)2%+ 7+ (MV DC-link AF2)

LVDC LVAC

NS ERE

(c)2% 74 (LVDC-link AF)

MVDC g~ '
N J

(d) 3¢t 4

LVDC LVAC

% 25 A=Y Wskgk Sof] whE SSTO] 37 A

21



—
o
o
H
"
+
e
)
)
S

o] 3z A HHAS 17 250 Helth

212119 74

1 FdolX= DClink ATAIE §lo] ACE HEsth o]= d 4
T P e dem
th 1A DC-link ASATEI 7} §lo] AlFelA] &A1

s Bl EASke dd B Al 28 Adstel 1 9% 2 "k

WET 57} o] AAo] AE W, Fgo] 7}

oy

o
i
5 o
o
o
o
D)
re

WSk HZd-E SSTE] Z-f- PV, ESS, A=A & AAA olu#ed3te] &o]

5t AAE $3 DC QAEH oAV} ARt g DC Ay W3l 3|25 u=z

1% 2.6 DAB ZAHE|Z o] 83k 1+ 4] SST2 oA]E 1H.QITHS2, 89].

AT~ AbElekc WM ol whebA o] e vt thas AolsiA e,

718 32 AL wdetth o Ay ARE AR B =5
AE=E 317 95t 2 A9 A7} back-to-back HENZ A= Tk

.
.y
.
.

MV AC

AN
YYY;
]
|

LV AC
| Td

.
.

3
3

1% 2.6DAB ZAHE ©]§ 1% 74 SST[82, 89]

- L
_II_
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o] WA A MV AfE Y ¢ jle Al v BE Y AE A
4oz g 5 3k

9 flyback AWEIS olgsto] 15k T4 SSTE Bt All901%= 2
A%, o] 79 DAB AWEE o] 88 W Wt Ag A=A F ol

Atk o] Qlof A4 Bol BEHAE stk

212225 74

2% 74 SSTE AC-DC ZIWE|S} DC-AC ZIHEE o] Fojz]gith o]uj
53 W77 ACDC AMEISF DC-AC AHE] 5 o] Zof gA|5h
Lol wheb o] thAl Alst E 4 ik

I3 {7 I7F AC-DC ZIHE Sl $1xI8kA] E Z-9-ol= LV DC-link
= 27 ¥o] PV,EV,ESS Bl ARt Y-stol] AAsH717} Golsitt. shAIRE o]
78-%- MV-DClink7} $1©1 LVDC-inkell & 120Hz #]&°] YA¥s2 =2 LV DC

spage] el Fo] Wolx BAsk Arks)

LV DC

IEERETIET I
vl . 1
)

:: :: _I8 JE|} JEI]_IE

1% 2.7LVDC-linkE 2= DAB B E|, QI8 E o] & 2tk FAJ[81]

AAA

S
Try,
Il
1]
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170 |17 DC-AC ZAWE Zel 9x8tAl d A-9-olli= MV DC-
links ZHAl ¥o] DC FHld Al felsivhks Addol vk v Mvell
&3] flgh 2xb 7 Solul "ok

Axl s T wE AAG s 2l ROV, Remotely Operated

EZ2 09
= [SS)

oFE AlLIShE Ak HA Ao

e

1o

Vehicle) 1¢ &3 &
A= MV DCEE} LV DCef| tfgt &857F o] 7] wliel, ¥ & LV DC-
inkE 7= 2%k 7 SSTef| tist A B A7) g o] 22,
1% 27 LV DClink ZH= DAB ZAHEISH JIMEE o] 83t ok 4
SST| A& BRItk 19 742 A9 VA2 Jeehe] vieA] 4
A7 MV s dd 7 3le Al v BE SlE A" 4 o E o

o =L o~
=& 4 Qi

212339 74

3% 7/ SSTi= AC-DC 7H|E], DC-DC ZH[E 3l DC-AC HHE|Z ©]

MVDC _LVDC

o e} [ it |
] 1
j

}

Ja}_le'] Ja|]_|a Ja}Jelj Je|]Je-

1% 2.8 H-Bridge, DAB ZAHE]|, JIHH ©o]& 3 54

]
]
A
|1
]

AAAN
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o

ol gtk 38k P A Wdke] BoF 24 7} W] wRe] Wk
#o] 74 Wolzitks wWol ek E@ 7 o] Bitate] Aol

Al 7P Bksie) o]e] sk Wi B58FaL MV DC-inke} LV DC-link

12 ol

7V & oF EAE] widel 19 9T ovk A @Re meksl 5 glo
o o] Eaf AAIZE At Ao, xy BA, FaE A BA ARG
s/eE B 5 oY 71s8E Al 4 olvh22-24] o] wiiEel A
SSTS] A7 K AllES 3% el #st Aol dvkE o]Fth

1% 2.8 H-Bridge, DAB ZIHE], QIHE]Z o]Fofxl 3tk F4J2] oA

2 Helth gJgwke] v wieA 22 MV A Ad £ gls A 4
g g 32 Y e o BE QY A9 dd WoE gsd &
Ak

2132 =29 A7 ol 2 3= T4

SSTY 3|2 4 7Fs AVl s 17 290 Aotk dA4 Aok
of weh A8 REEA] &z AR TPEE Al B =] A =9 A}
&l SSTO Al Y SHellA 7P mlgrE Mv AC tiS e
CHB HE # 7AWy 52 the 2E o 149 94 Wolrh ol 3
o o] w2 FAd 9 Aol ARLEE AFed, A 7P B AT
BHa7p o]Fojxal Qlvk= A& 1este] CHB AWE <] AC-DCY, e

2% DAB ZAHE Q] DC-DCY, QHE]C] DC-ACEHCZ o]Fod 3ut

_l

X SSTE B =R A oy 22 P59k 1 TS 19 15
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Number of Stage

1 Stage

Counterplan for MV AC / L

High Voltage [

2 Stage

SiC/GaN \'
3 Stage
NPC Converter 2 Stage

SST Converter

Multl Level X
\ CHB Converter 3 Stage

Multi Winding >

1 Stage
Input Series
Modular 1SOP — 2 Stage
Converter /

3 Stage

% 29 o7 SST 74 Al

Belnp Stk

@ 1908 TEE BIAE 3% T ol8T 5 Uk s @A)

% ol B 1R AT tpgom Husx

8
32
O
s
rlr
ook
o
2
-
in)
_E

o whel SSTel| o] & A3hst Fro] d ¢ S Zolg} ek

2.2 Ao} W

B AoAE 35k 74 SSTellA CHB 7AWE 9 th& B%5 DAB ZAHE
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o Ao} =S ARl o598 V= Ao W Eel dhsl &Rtk

2.2.1 BEEA] HY7)9 71E Aol WHE

2.2.1.1 CHB ZAHEE] Ao] HHE

CHB ZIHE]] Alofol tsrE 55 4771, Faxd s 1/d7](STATCOM,

Static Synchronous Compensator) 52| 585 tH o=z oju] w2 AG-50]
o]Fox uf QItH75,76,91,92]. 71 AT FQ FAE wll BER o]F
%1 CHB WEA (m+1)702] Zde] |71 = A7 +n7ie] DC-
link ASHE Alefsh= Wst BE 1 &4 Afo] 8l e it SR

Q8] UFERFE DCink ASAE (F A% BHE @ae] S8 welolr)

An)
Ho
12
ok
Al
rlr
)
o
rlr
A
=
>,
i
st
[
do
)
_&'L_II
rN
2
o
e
=
_O‘L
2
>,

>4

T

passivity-based controle ©]-8-8F0] o} Bt d Aol ML AAE NS
sk WS AREIIAIRE Fe dite] Y Hol Alo] daglE &

HAEb A7 SRR WAool Slvk Al 9 [76]% Hlsedt Al
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ek, Awkslel] Tig Aol o FolAA ek Folnr 4719
WHES Aole] WA 71e FAsHs FmkaE A7t EAls]
Aoizle] wel wg Al A A FE 5 gk b
Aol SHelt CHB AWEZ} AAE mESe] 49e HY 4+ glrke

SHAIZE ol 1 &8 S SSTRE shystoi® ke A th=A] ¢

[>
)
S
offt
3
B

[63, 64].

2212 5 25 DAB ABE S Ao WHHE

CHB ZIWEYA DClink Ay 1t #38S fslixAe BE Aol A9
s w7 ool Kok o] e lvHes, 64]. wEbA ths KEE DAB
el tisifE A8 75 Eai7E ol Foixlef gttt kAN DAB H
ElolAe We7] A Y El Afinductance) *Fo] &8 wiely] @A H] 2}
o] 59| &zt ¥t Q& BE 3+ M By ddo] dgE S otk
olof] 7]F SST # Aold= DAB BE 7F 18 % Huls 913k A
o] ®hEo] AAl € vk Utk [93-95].

3¢ A SSTolA DAB ZAHE= ¥ ZxE.&d

ok,
e
5
@)
o
=)
=

Floating-Output Parallel) 7-%% 14¥ o] glek. olw) 7} 252 &3 A
wet 7F 2Ee] Qle o] AYEER A g W¥E-E9 WHIPOP,
Input Parallel-Output Parallel) TZoIA AMSsh= WE BE Ao WS
IFOP T-Zoll %= AR 4= QIThIPOP T-%olX 7Fd wo) AMg5= ¥
T WS vkaEl-EHolB Aol EE(droop) AO1E £ 4 Atk wix

Bl-Zeo] B Aloj= wiAE EEo Ao ARE S Fote] SHlolH
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gAo] Ytk wie] Qith vk =g Aol AWEY] F¥ duda
(impedance) S ©]8-5to] Kg 7ol FAl flolw ¥ Fujrt o] FojA 5
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0.99

0.98

0.97
PF

0.96

0.95

0.94
10

2
R [Q]

kcus

0 o
19 315 kapt RO WHE PF W3} (v,=72kV, V,=4kV)

W= kol wpe} 3|29 PF: vy o] AAE )

(3.31)

)
-
2

jud

Fgo= vl Voar Z7F 72kV, 4 kVE 73S W, kan®t ROl W

PF WH3l= 19 3.159] Helt) o|2HE A kapZiE] 94 == PF

33445 B4 9 A7) A

= AoX= CHB ZAHH ] 2 A <y (transfer function)E ©]-&3}0] A
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% 3.1 o] A 2
Aol Uigdel o3
g WEA kel 7

R 715 #k
W gy A Vs 72KV (RMS)
W Y Fake Sine 60 Hz
4y AdgEA L 100 mH
JAERA AH A A R 20
a7l n 3
=8 ATAH Cot, Co, Co3 100 uF
=9 A% Voi, Voo, Vs 4kV
A A Pcis 25kVA
297 e Jors 1kHz
FEXT AF kcrp 6
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o Utel 65 kVlE AR B s 302 A 8 ko

= 60= AP 19 3.159] ugt 9F 0982 IS o+ Sk

331 241% 2E AHF| gAEHS

% 35E5E CHB UMES] 45 d=dy) ¢F d¥del] 75

A
(coupling) A+ wLi, & a)Lz 7F EAES & T Atk AEE Al
3l dF JHH ¢ =] AR TS PIAA H=H, ol AnE
Mg o el RETL el A BRE T Sl ¢F o

Hil g% Qe SRHoR AT 5 JAus ¥ 3169 2] OAZ
&)

—a)Ll +(R+SL)ld+ZVd =0 (3.32)

——

oltl 2] 3320l ¢F < i 7k EA/L ol AT dF WS

T3] 98l gFol KVLE Aesity o 4

&

d% % wistel] o

g=ol Hehd= ®skE A 333)AH 72 5 St
oLi, +(R+sL)i, =0 (3.33)
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AL = AN
SN 4 glor, 918 AWda 2,8 et 2ol 2 4 gk
; _(OL) R (3.34)
" R+sL

o] wj B0 HolE gsto] A 72 2] 3354 A8kt

e

_(wL)’
= (3.35)

b WA B FYdeld Gk RO HE A o V= dvd

(i=1..n) (3.36)

1+sR C

oi oi

o] tAEY ¥ CHB UHE ] 21ls REs 79 3179 Helth

3.3.2 CHB ZAHE 9] Ao &4

= oM T A7) flo] i EEo] 5]ACR AloE ¥

il

¢

Sk 2AF AlfS ARISIGIARE AE Bae] Ao} HEE dEsh]e]
QA1 WA cHB AWE]S Ao} /MYAE ghmsteiol Fth CHB HME=
o AdFE 73

Jorw e WEo Y A Wy, ) Be EEY Aol Y &

(5d, )& 217F e Wssh Aol Wars B 49, o)F o] 88 CHB AM
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A9
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E1] Alo] o=
el A

Ae)719] g A 3.37)3 2ol HIE o5 K,9F A% o5 KE 7H=

ot

% <lek

M

2

(o]
0,
o
%

rir

U2 Q1 Pl(Proportional-Integral) #|o7] = A3t}

Ki
H =K, +-t (3.37)

Yd,=—HYv (i=1..n) (3.39)

HHN'
2
o
o,
2L,

mehbA CHB ZAHE] Q] AJo]-

T 0] S(loop gain) S T8t SHYEES wHE 5 gtk

Ad AL FF(Guw) s T3 AILH
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Grodier 2t Goddn®] T O Z LFERATY,
A0l HWE 9t 7 BEIA A 9 wgTL A 340090 2ol B

T Edsttta 7Hdee W, Gewar ™ Gewo= 22 A 34D A (342)

Loop;iGain (7))
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------------------------- S H, ==

Control function

T 318 CHB THE] Q] Ao} £4& £13F 2T 255
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.
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A
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Magnitude (dB)

Phase (deg)

Col :C02 = — “~on _Co
RGIZRDZZ = gn: 0
Zal =Zo2 = =Zan _Zo
Vo =V ==V, =, 40
D,=D,,=-=D, =D,
DGIZDIIZ = :an :Dq
X, V. nZ,
voddel — L ~ | = I —
zddt Dd Zii'21+nzo (341)
d
X, 1, nZ,Z,
vodde2 — & __Z— .
Sdul, DiZa g (3:42)

d

Bode Diagram
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-100 B 1 1
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\/—L T UYvoddel
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180 _\ Gvodde
O M -
-180 1
10 -2 10 0 10 2 1 04

Frequency (Hz)

T1% 3.19 CHB AHE Alof-&3 2ok e o HE Al
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Gvov e = A - .
h D, Zy {nz, (3.43)
d
XV, 1 nZ,
vovge A D (344)

o Fo A PLEERE CHB AWES Ao] %I o]5e thew)

1714 FM= PWME A &5 oulsh=t], & =elMe 249
A= 918l FM= 12 A3t

CHB HE:= fil] T35 2te Als 7 Ads AR Ao
Hglshs 2Roln® Alo)] He T7F 26l T3 dus Ade =

A= AAEoF gt wEbA T7F 0.02fine ~ 0.2 fine2] A1 TH 2

L
o

7 g Q=T HE AASIES oAk

o, 7} CHB ZIWE 2] {315 (natural frequency, @, )Rth Ex Srrpd
o, M ZAHCE Guus: Goan®l A7 °15oE A + Sl
a7 319904 &1 = Qlvk A B4ADEFH o oM Guws 2
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(4644 A 5 Uk

~ nD,RR,V,
“*%  R*+nDIRR, +(wL)’

Gvodde

(3.46)

2l 3373 A B46)C.% AAHEE 1.E 1™ 3210 YERITE Qe
o, Z5H KE 2 G4nA" AAE & S I9 32104 /75 F

O]q_'

K=o (347)

Aol He YFH(zero)ol o, BTt F 3=

+
b4

kA 18 321004 &
7EAok 2 347)8) K= B3 il 02 IS 5 AUtk /1.9 FHo] o,
Hop 2 ks 7EHAA 98§ T adE SR8 TE S UEE
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Bode Diagram
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Frequency (Hz)

1% 322 Gty H, W T, 8] HE A%

1 1
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(3.48)
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margin, ¢, )= 7FA13L 55 gRIE F vk Alo] tjofFo] HA glow

HE QA 2=t ol% Guus Goanm®l AT O150% AR ZlelA
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Nyquist Diagram

60 T T T -

40

20 1

2 dB _ -2 dB

P S

o
i
|

Imaginary Axis

1
N
o
T
Il

-40

\
-3.5 -3 =25 -2 -1.5 -1 -0.5 0 0.5

Real Axis
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FTE Goutt 39S W 42 A 3507 A GsHAE & 5 3l

G = 2=~ Zo _ (i=1.n)
dy DiZa,g (3.50)
Dd
B, 1
G L= Am = — o (izl...n)
vovqi
dy D, 2w,y (351)
Dq
F 31004 AR AAE HEE olESIE W Goudt Gug®l B

>~

AES % 3260 EAEIAYE 1¥H 326025 E G/t Gew©l 1130
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Imaginary Axis
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CHB AME] 75 Al At 52 & 5 EMI 54 71 avks st
7t Rael] AAT 91 Mol Fofok gol LA SltH106, 107]. A
el BEZ o]Fo]7 CHB AMEY] s A TEE ey e

$1g AR AZEE AFeks Zlo] AukAo]tt

phase shift time = (@-nr, (i=1-n) (3.53)
n

B =RoA Aljbehs Al W HHAo® A Ao ST 4
FANE HE] HE sz o] oS A]Y] 98 PWM 57137 F sl
CAN(Controller Area Network) 541 HIA1A] dloE] Zg|le] F7]7} 2k,
FAl £57F 1 Mbis7EA] 7Fssll A1 Al Klatency)©] Z7] wimeoll PWM &

718ke] mA o) Agaict =gt 218449 S the vRAE|(multi master)

>

FAlo)7] wltell WA g (fault tolerance)= AUl Qom, Fhg WAool

o

F1, FA1 =83 o] 1A RN S JAHCE S =
oA ARESH] 7S A B4l B o]t 3s, 108].
B =Roai= CAN £410] 4 pWM £713= 9l AFEE IR, o

AA] =2 Al ZKtime-stamp) Y} A4 AIZF JHEZHE PWM T8k ©4

ot

= vt 19 3309 standard CAN E419] Hlog] 7-%= ®H<Ith CAN

dolE= A1 914 A dlolE FX(data field)2] 7)ol whel 44bitol] A5
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CAN Data Frame [bit] ]

1|12|6| 0~64 |16 |2|7J

T

T T
' ] ' '

(] L} [] (]

' ] ' v

' ]

' ' ," End bits
' ] .

' ¥ Acknowledge bits
' CRC bits

'

v

D

ata field

P

[
[
[
[
[
[
[
[
[
[
[
[
[
[ .

Control bits
¥

: Standard identifier

]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
] 11-bit identifier + RTR bit

Start bit

1% 330 CAN FA19] dlolg] %

Module 1

Module 2

PWM carriers

Module 3

— CAN from module 1 to module 2
— CAN from module 2 to module 3
—> CAN from module 3 to module 1

719 331 CAN FAl= ©]-&-3F PWM &713} <A
B 108bite] 712 72 2= 9tk skx|ul 22 gAe 9 dolE] o

of dE7F e flormw, Hel A Holy Are] 478 007 dAse
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Function

* Operation Command

Operatl)r * Monitoring
I « Maintenance
oy
-
Central Controller 2] Individaul [ FPWM

Controller (2) |4¢— y,,

r '
Auxiliary CAN
Function CAl

—
—_——
Individaul [~>PWM
AN-L L]
——
V. ) Controller (2) |e— Vs
" —
Voltage / Current —— .
Control SP1 .
. S8 1
582 .
H H
R . . A
sk Individaul > PWM
MOSI
Miso) ) Controller (1) |q¢— V.,
—
Function Function
+ System Control (Variable: XV, , f,) * Module Control (Variable: Each Output Voltage)
+ Central/Individual Communication + Module Protection
* System Protection * Module Monitoring
¢ System Monitoring s Module Diagnosis

e System Diagnosis
1% 332SPI B4l o] 83 wle] AR I E[36]

Function
« Operation Command

Operator

« Monitoring

- « Maintenance

- S
— PWM
Central Controller Individaul y
— PLL N
CAN Controller (1) —
\ J ol
"
CAN . — PWM
Function Controller (2) )
Y o el
L]
.
CAN-L -
[ Y PWM
Individaul - y
Controller (n )
. o \—(}J = Y
Function Function
* Central/Individual Communication * Module Control (Variable: Each Output Voltage)
* System Protection e Module Protection
* System Monitoring * Module Monitoring
= System Diagnosis e Module Diagnosis

1% 333CAN FAIS o] 83S wo] A|IAR AR

B A2t e w
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3327 219 333004 g1g 4= gtk
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Voltage [kV]

Voltage [kV]

Voltage V]

Current [A]
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= Output Voltage

500

400

GOO |errermeereses et SRS SR———

Voltage [V]

| T S S , ................................. , ...................................

P00 [ . .................................. . ...................................

18.0 18.5 19.0 19.5 20.0

Time [s]

(aDAB ¥ &9 A%}

[ —va —va

QOO | , ................................... R ——— .................................
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100

50

Voltage | V]

18.0 18.5 19.0 19.5 20.0
Time [s]

(b)CHB B529] 4% Alo] A&

‘_dp,fﬂ'|> —<ipam™> — <ipig>
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2022 : : :
X 17 | T . .................................... besems s b e imiaimsascsascsessessseeasas
—2.018 : : ‘
= 2.016
£ 2.014
= 2.012
]
2.010
2.008
2.006

18.0 18.5 19.0 19.5 20.0
Time [s]

(c)DAB 59| 8 HF H+t
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3E5.1 A 28 AAE A AE B
gaLil=! &= 7% #
WH 4 Ay Vs 110 V (RMS)
Wi g Fue Sfine 60 Hz
Y Ag"A L 27 mH
CHB 71HE| AERIA AH A P2 R 09Q
=9 719AH Col, Co, Co3 680%2 uF
=9 HY Vol, Voo, Vo3 70V
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A7) Al N 1
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DAB Z1HE] =9 AFAH Cpas, Cpagy, Cpass 680 uF
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CHB Converter

Inductor
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07 o]Fojx Qt}y. RE Aoli= TIAFY] DSP(Digital Signal Processor)Ql
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FosHA 7] wiel, T A7I7F Edehs odo] A AlAE 4

397 el BAE Ugol 2AB kawsh kowo) A PEE A%
b g,

ol

D AZE A AlReRRE e A4S olgdl Wz Jelon Bt

Ao e vl AR vaewE TR

vdi(mm) = V2 - vz' (51)

2) 318 7Fs

l‘i’i'
2L
L)
e
£y
ot

g *Q‘EEAEi iDABi/ZiDABi % }g;g]éj‘-]:}‘

122



3) 1), 2)olA 3k 3ol the A WEehs HEXAE AF kass FS

=4
vdimax Z%iDABi +% nlDABi _l (52)
EIDABz n
3, 373] ol whel k= TR o) Hojsh)
— kCHBVs R
_[Za)LVO ol (53)

4 Lpp 3AZHFE 2] 5.4)& oLl 19 487 20 kpapt Zipssoll vk

2 A% o) waE e,

T

2
2 2
aﬂkDAB \/[aﬂklz)AB + 7} - a2k£21AB (ﬂzkf)AB - 1) (5‘4)

i

272
a kDAB

o Wl 4 4E Axkshzd BeF o, 8, v E U

o
¢ =l

S

o3
1o
=
ofo

1 V
a= E kCHB + n—g (5.5)
EliDABz
V
=—— 56
p nk (56)
123



VDAB

y, = 5.7
2J(DABLDAB[]V ( )

5)4oNA] Alakst AF E8l JRZEE 2)oA H3t GhE WS E Sk
kpap %S 43

6) 5)°llX At kpus ol 2 5.8y WHEER=A] St} wkelx] ok}

=] o A
H RS R ks S TS

gt

k| <1,

kBl <1 (-8

53438 A7

53.1 PLL =2} g<l

rh
=
M
2
2
2
=
iy

g){_tl
&
§2
rlo
=
=
N
rE
iy
o
%
=
i,
T
=
¥0
&
w
“UI
@
=

124



Voltage
sSensor

Controller

Vv, -
5
< Voltage
>
@ RPLL:. sensor
-

Controller

Voltage

< >
Rp11 g
< sensor

time : [10ms/div]

AV AVACAYAVAS

Module 1

Module 3
| r H H 1 i - H | H
Measure P1:freq(C1) P2:max(C2) P3:mean(C3) P4:mean(C4) P5:pkpk(C3) P6:pkpk(C4)
value 60.030541Hz 151V T29mV 824 mv 167V 165V

status v v
2.00 Vidiv| 2.00 Vidiv| 2.00 Vidiv
0.0 mV of stf -4.0000 V| -8.0000 V|

EERER RS PR

100MS 10 Msis|Edge
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532 CAN B4l 332 9l

CHBO| HE] 2 o]3& 2e)7] fls) PWM 5713 3l A4g 91 A
op7F dasiths AMdE o 3l dud v Stk 2 =elMe
] mpaE] sAo® Alwdo] a1, $Ale] EuE @7do] 1haste] WY
A|2Ele] o] goldk CAN Sl o]&ated PWM F713F Bl 914 A
FAT
Bl 1A A ot ARE @il Q1A R MAAE Mbite] =
718 7HATE whEbA 44bits Agshsdl SAsHE B4l AA Al HlA
A 22 ARE QR (time-stamp) 27 PWM F7137} Zhesith i 5.0

upe} Ao A" AWE S A9 F7)= 100 usO) PR, 4bitE Q13

mlm
ol

o) 4

@)

BSR4 A AR 100 us W Aolok Btk mleby EAl £5E
I Mbs® AAsFo] WAA FA0R Qs wlss B4 A A7l
1 57} AEZ AT BAL 19 3313 Po] o] Fojgom, 7}
#9017 F7) 109mie} o WA B AFE AT RS st

I3 562 CAN EA1S 0] 43 pWM 57)3le] A9= Rt} 7+ g

Sl
et
rlo

ol

(Pulse) FH2 sl Bm FUIKsawtooth) 4215 0] FHEgk A8 oJw| s
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LeCroy

Module 1 (Phase shift: 0°)

Module 2 (Phase shift: 0°)

Module 3 (Phase shift: 0°)

time : [S0us/div]

Measure P1:freqiC1) P2:freq(C2) P3:Treq(C3) Pdfreq(C4) P5:mean(C3) PBdtrig(C3)
value 10.000302 kHz 10.000053 kHz 10142224 kHz
status £ R R o

% 5.6 CAN £215 23 pWM 57|3} (94 #o] §l2)

l LeCroy

Module 1 (Phase shift: 0° %

Module 2 (Phase shift: 0°)

VUL O L o O L

T

S LS e S s L it ]

Module 3 (Phase shift: 0°)

time : [1us/div]

Measure P1:freq(C1) P2freq(C2) P3:freq(C3) Pa:freq(C4) PSmean(C3) Pa:dtrig(C3)
value - e - .
status a i ' [

5.0 5.00 Vidiv

10.00V 0.00% -10.00 ¥ ofst

713 5.7 CAN E41 XJg ¥AY
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s Vodule 1
s Module 2
e Module 3
2 - .
1 L -
e —!- — Py _”— —.-
0F 1 .
-1+ )
20 i
-3 L L ) ) N ) )
0 5 10 15 20 25 30 35 4(
Number of CAN communication
19 5.8 CAN &4l #[E e 2Jg 5713} A% of¢
LeCroy

Module 1 (Phase shift: 0°) :
- 1 N . I

Module 2 (Phase shift: 120° )

M
i R T T T

Module 3 (Phase shift: 240° )

time : [SOus/div]

P1freg(c1) P2freq(C2) P3Treq(C3) P4req(C4) Psmean(C3) PEGC3)
10.000191 kHz ~ 10.0323755kHz  10.0323449 kHz
P A A &

% 59 CAN £415 %3 PWM 5713} (914 #o] 202)
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A\
et

LeCroy

NN
A1

t
\4 . .
s time : [10ms/div]
Measure P1:ireq(C1) PZ:mean(C2) P3mean(C3) P4:mean(C4) PS:pkpK(C2) PEdtrg(C3)
value 69.94 % 7095y 6B.9Y
v v

259

10 2V

100 kS Edge  MNegalive

€3S W CHB W H 9] &3 gt

f
YcuB

LeCroy

time : [10ms/div]

Measure
value
slatus

P1:freq(C1) P2Z:mean(C2)

P3mean(C3)
To81Y
v

200 vidiv

-400.0 ¥ ofst]
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P4:meani{C4)

PS5:pkpk(C2)

PEudtrig(C3)

it
Edge




a8 5112 ARkt WPHE Agelsle Wl ™ Ao, dEH ARG,
CHB AHE 4 Avem) 2D EE 29 9 AKVp)S Helth ¢4
=]

Nes g1 = Sk 19 5119 PFE Yokogawarle] tiA|d H¥ A

v = HE 3719 BREZHE 709 dds 7HK= oRF Ago)

s
R

=719l WT210% 73+ A¥= 097920t}

534 T 25 DAB ZABEY AL Ao A¥ Ax

53.4.1 DAB ZAHE| 2] A Huj

CHB 7IHElS] 4% Alo] A vuS o143 T 55 DAB ZH|E]
o) BAF Alo] e ARE B8 AFSA. 7 2E DAB W] <

AE A" QYL Lpusi, Lpas, Loan®] 578 3> 2H2 352 uH, 346 1H, 338

o

pHOlT} Ao B3l 2712 300 Wo|tt.
WA T3 5127 vaasd AT AT ks 00102 AAEH ARE

T3l 92 dyfolt}. ZF DAB W] 12| S22 5 AR (ipasi, ipam, ipas)
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unbalanced tinag inam ipams

] 1 time : [SOus/div]

Measure P1:pkpk(C1) P2:pkpk(C2) P3:pkpk(C3) P4:pkpk(C4) P5:--- P6---

value 279A 354A 362A
status v v v

2.00 Addiv 2.00 Aldiv
0.0 mA ofst 0.0 mA ofst

79 512 AlRFsE W& A8513S W DAB HHE AT (kpas=0.01)

100 kS 200 MS/s

balanced tipap ipam ipap3

¥

time : [SOus/div]

Measure P1:pkpk(C1) P2:pkpk(C2) P3.pkpk(C3) P4:pkpk(C4) P5--- P6:---
value 3.59A 333A 3.05A

2.00 Aldiv 2.00 Addiv 90 di P
0.0 mA ofsl] 0.0 mA of st 100kS 200 MS/s| Edge
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I% 514F vaas] HEW AT kosE 0010F AAISte] DAB IR E
oA Fat Exrdo] VYeEhES o A9 CHB @] A3 Aol
DSPC] DAC(Digital-Analog Converter)E ©]-83l d5 A Alo] AFA va,
v, vl 171001 el gk UERHITE 0.1va, 0.1ve, 0.vs8] 57 442
247} 3038 V, 63 mV, 1.743 V2 Pl BEd8S 0% 49 A% Aoz =+
]_
T AR o, v, vy 1 51500 EAISEATE v 7F 7 SE 917, vt
7P HH% 94 Hol=] ol 13 5149 A Axpel Ax|3it

I% 51657 vaas®] IEW AT kpuss 0050 AAIEe] DAB Z1HE

oA el #@s ol A AF Adolny vRRIVHAE a5 ASH Al

o AR v, vie, sl 171091 38k gha HERASIEE 0.1va, 0.1vi, 0.1v3
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time : [10ms/div]

PSpkpk(C2) PEudtrig(C3)

T 5.4 F8b B ARl dF st Aol AR (kpas=0.01)

&

LeCroy

time : [Sms/div]

PSpkpk(C2) PEdtrig(C3)




calS MG R

_ﬂuw;.-:.w.‘v!.‘.w'ﬂ S TN N

v . .
s time : [10ms/div]
Measure P1:freq(C1) P2:mean(C2) P3mean(C3) P4:mean{C4) PS:pkpk(C2) Pa:dtrig(C3)
value -689 mv 41 my 253 my
v v

9 516 F3F 78 Aol dF A Alo] A H (kpas=0.05)

Vol1> <«

Vo2
v

LeCroy

caj

time : [Sms/div]
Measure P1:freqiC1) PZ:mean(C2) P3meani{C3) Pd:meaniC4) P5:pkpkiC2) PE:dtrig(C3)
value Tmy 20mv 21 mv

status
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3 52 kpas Ol WHE AR Bl 54 wla
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Abstract

A Distributed Control for Improving
Reliability of Single Phase Solid State
Transformer with Three Stage

Configuration

Paul Jang
Department of Electrical Engineering and Computer Science
The Graduate School

Seoul National University

This paper investigates a distributed control strategy for improving reliability of single
phase Solid State Transformer (SST). The subject of the study is 3 stage SST composed
of Cascaded-H Bridge (CHB) converter, Dual-Active Bridge (DAB) converter, and
inverter. However, this study has focused on CHB converter and DAB converter since
the distributed control strategy is only effective for multi module converters.

The indirect current control based on feedforward is proposed as the distributed

control strategy for CHB converter. The proposed control can manage n + 1 state
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variables (one current plus n DC voltages) with only 7 switching functions. However,
the capability offering different power from the others should be guaranteed for the
output voltage convergence. Therefore, the feedforward coefficient kcxp is introduced.
Since there is a trade-off between DC voltage convergence and power factor, kcrz should
be properly designed according to the system requirement. Therefore, the corresponding
analysis has been conducted. The stability of the proposed control has been also
examined through small signal model of the CHB converter.

Meanwhile the load current of CHB converter is not evenly distributed while DC
voltage is controlled, an increase in the harmonic content can deteriorate the power
quality because of overmodulation. Moreover, the module where high current flows can
suffer from high temperature rise, and the system reliability would be decreased unless
the current is distributed uniformly. To handle these problem, this paper proposed a new
distributed control strategy for DAB converter using power delivery principle of CHB
and DAB converters. The d-axis component of CHB converter control signal has load
current information of each. Through the feedback control using this information, the
power balance among modules can be achieved. The performance analysis has been
conducted, and the proper feedback coefficient kp4s can be designed based on the
analysis.

The validity of the proposed strategy is verified through the experiment. From the
experimental results, the output voltage of each CHB module is converged while the
input current is indirectly controlled. The power distribution characteristic is also

improved on DAB modules.
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From the proposed control strategy, each module can be controlled independently
without sharing any control information. Therefore, the role of the central controller is
reduced to auxiliary functions such as operation principle transfer, fault diagnosis, and
so on. As a result, introduction of the redundancy on the interface device level becomes
easy, which simplifies the system design and assembly. From these aspects, the proposed

control strategy is expected to improve the reliability of SST.

Keywords : Solid state transformer, modularization, reliability, distributed control,

medium voltage
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