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st A9 g W 2R Qe MY AR 1x9E AFst] A8 s
5/5% HFE(active/passive filter)Z ©]FoIx g HAH =& tAA~ AF{V

(multipulse rectifier)”’} AFE-ETF [53]. thE A AF7]1E 4aF AAY 5 o)A
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(c)
% 35 vEA ARV xR oY AR FE.

(a) TFol 2= AF7], (b) 12 A FFH7], (o) 18 B2 AFH7.

ol AAE 7H 34 WIS 77t W] oAk Al A ¥ thol
= ARFE FAAET M9 olxp @Azt sk 914 o] (phase shift)
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g A7isteEH tholet ART|E A DSk AF "k 4 At
AA WIS AUHA A2 A7 FiEe] A7, Aol ddd 4
e B Addatel 77k dEE wA gv 13 35 0 (oA 12 F
2,18 HA A7718 732 9 7z Agol sldets e AT 3E e A=
Uerdth A 7 okl S ]l AR uxuph Foi=u, R ]l
A7 Bt A= @do] s oA Y thole= ARVIeh vl A A
AE ] ARG O R e WAE = AR LxIE AA77] fel e Skt
TE aAEo]l Hadta, ol® Qlal AT Fyjef FA TEal 7hAol A
SotA et

3 ol = FRTle 1E A ATl FokFHore] Wt Ay A
gko] Zhsstth wEbM V|E Ao AlFelAd FokR d¥e Fudte AAH
o gk AFE-3t, A F kel Als Z 3 (resistive braking chopper)E A X 3F0] A
Ao WAS= A A H(regenerative power)S AHIAIZIYE U 3 &

{3ge]

% (regenerative operation)©] W& g8 Fobuf e A9 ddo] Aok A

o= 5% A H(Active Front End, AFE)S A}-&-3tt}

P
SR w%} Ko Kk} k}
~'E, x :: e x
.
Ko @ @ KE
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19 360 JEE 34 948 PWM AF71E 5% FF99 3 o 2X,
A AAE A8 Wg 3|22 Wol AREH= FEo|t} [54]-[56]. HHole= A
F71eh g, Y AvE = G e A9 O oH Y tho] e 9
2672 FAE 34 PWM QIHE R o] FoA] T} 5% AAKactive switch)E
o] &3t fJETe] &Y HES AFEA FHE F o, oF o]&3t
g8 AR A7ish AFE Aol 5 Qlvk 29 3.6 2 dE Ao R 7Y

25 Uehdz Jou, A9 Al dAgel wet e dA Q7 23
w2k NPC AW E 59 x5 A&sto] dy iz A4S F% Y [7]

3 SUE PWM ARVIE ol&ste A

=9 A4 a7 A%E A 24 F
i

ol H& Al AL 91/d7ZH(phase angle)

= =
T T
= S74%t v =v(feedback) AT = AMESkaL, FF Ao A7lek S =

AGoA Fate] Fest Aol U AR A/ AL AT F 2

e RS AT 5 ATk AS R A FYoR Asath AA, ¥

$] & & (Displacement Power Factor, DPF)= A& 4= Qlt}. W8] 952 A4 7

$o) Weka A5 Afole] GATto Fuy] el 4 AR AL
1=

Aojgozn Wl dE5S 24 F ok A AT JES
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w3, 7AW A
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A
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]
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KR
)
m)J

A2 A% &2 (conduction loss)Z} 9]

]
)

5%

PRORH, o9

s

3

%8 %% (conduction voltage)oll ©]

C

(a)

))
(6
D))
(6

-« >

(b)

574 [63].

=]

§ 279 29

=
[€)

s

st ¥ 1, (b)

o
RS

IHE <]

(a) = HEX
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E AAY & o dAstE EAEA vlo] A (non-ideal) 2917 &AL 54
of 7]1gttt 19 3.7¢] FF719 st dileg)dl AAXE Ax E we] AR,
A BEAS B3 A9F &4 B oF vERTh ofdE A9X T A
A A v ARl E2E AR/t 29A kel A7bE= A(vr)Ql

wREEY] A pr)ol AfAINAM anjEn 2917 E4S =0)7] A= &

(Zero Voltage Switching, ZVS), =< A9X & & W] A9H &AAef 32+ AF

7} 9ol Hi= JGHAF A3 (Zero Current Switching, ZCS) =71 & WA Ao 3

L

th [63]. olE= AZE AfFolet & JHSh, I

2A7F AL AA

=
=
A& 3= A9 A (hard switching)o] g} St} AXE AQH

rir

o] HY ojn Ay W o] Tz B2 27 B wae] wpa g
th oA 34 248 PWM ARVl s 294 S48 8] mRe] thol

o= A7l vlsl F7HA 0 A9fF S0 B [65]. A9 A A

sde BES ASA W ool 1 Qg Wde] diulste] A9 272
=

3 3R] FxE EYA AHETL Q)
HE o 725 YERAY 8] MEHA AWEHE <

3 AY AlFS LT 5 A9 A (bidirectional active switch)E ©]-8-3}¢]
 Eskel AAH dAATE RS JFA D 9loed, 1% 3.9 JERd A3

o] 3l o9l AFAoR, A AT o3H Agdor wu

2
e
)
o
=2
¢ o
(b
ol
r|
RIS
ru
2
L)
)

& QT (9] I B HebRe W A% 3 A% A A Wzt
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7% 3.10 WEZ A ABE ] AMEEE ofukdk

olr

el B =) =i
(a) FEF & 299 F HE AT X, (b) HolE 4 et @ E T
5

A9A stUE AFdsE T

=
o
_>|i

A e ARE Ao sAC Y AR s AHEA =
A ¢ A, wEbA AFE Aol 9 kg Ay ddo] shsalth

HEHA AvHEs AR glo] 49 AsS 299AE &3 A4 Fatel o
AN 7] &) AFel A MHAAE I Baga, wekd As) A E
Q3 op7jH®E whe] gk =, #S A3 AMMAE L FEoRE A 2
HE g A4 Bl devk glon, Ay W sRE AlFel 44

=9 AFE AA] g Sk 27 A FAE AATE Havt qlrh

2
s
=2
(m
1u
[
Y
£
O,
rr
alS

~ |
i
flo
(A
X
S
N
oL
™
O
(2
2
oQ
ok
o
olr
offt
[

A= FFdo] ERpetrt. AMY$h(four-quadrant) =50l 7hest Y 5E

[>

AAE= BE 27 3100 YERYG 7 7FA WA e ® AR [10]. T1¥ 3.10 (a)

of JeElhdt AA Y WAk tho] @ & H 8l X|(single phase diode bridge)?} dFte] &
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E, B
TTT
x x 'y x x Y
=R 28 =3 — L
Y % x 'y T % % % %
EEE B8R

% 311 E"EA AWE o] fEH = ST I 2,

o

Aol 4 gl waol Gtk AL AR WES Aol 5 glod A
go] Axpel wla] Atk X 2 AfAvi} Aoy AEF AF 59

g Ago] Besths wio] ek ® MEYA AWe

Hr
>

1o
offt
)
flo
w
2,
ol

9,
oflt

PWM 7718} mp7HAI R st= A9 O o] Fojx A% EA4o] Ayt
=

T OE 9@l 3t B S (overvoltage protection)E 9] $H F-7FZ Q1 S 3
Z(clamp circuit)”} & Q3}thi= Aojth. A AlF Y 4d-s(line perturbation) =
F35+e] T EE(overcurrent fault) A Al AQXE BORE Q| FIF AR
7b A7 Apdd o R A9 ko] QvbE & Utk HAgo R
At A9A =4S ur] f8l dvrdes® I§ 310 vERd A S
UL 37 AREEY [11]. o] FHARl 3E= AlAHE] Hy 9l oBE=
S7HA171E Q]lo] "

A9 A% Adse = O I TREA, =SS AN Ade
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vdc

w%} | H} KE
N

1% 3.13 AMIAIHE A QAIHH.

GotHA U E sF A9A ARGoE Qg RS JHAdsH] fls S
T AYXE AFESE AW AIE B A QW E(capacitorless inverter)7} 1th. 7
AEE A QIMEH = 23 3120 YERd HH sl EZY A 7 (indirect matrix
converter) A 3 ¥ FFxolt b4 mEHA AWE = WEH A AWEA Y
V=3t 292 Aole] ARwe] oA vw go] A A4 Fal A2
A71E TE2E A, WEY A AWE S vRRZEA R ek ol Al AR

oz, A9 AT oA At

RS T A

o,

om waHY + Ak o714 U
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FAE5A477], FES5QAHE)] ARads Tl dd€E 725 7Y [13]
AAAE A AHE S {7 A A Hdtel s7lso Fabech A
7719 sF A9As A A91A el oW Y (anti-paralle) Z 1 E o] &&=
7F 559w Zo] AXEE Aol® A5t vtk 19 314004 Y A
&9 gAstel mE AF7IS A99A9 Ao’ AsE vEpllth 4 A 5
T 29AE A Y Astel A7 34 T P 2 well EEHES A
olg Azt 7kH AL, Tel wet A AFY 3 AY F

ftol AFdor AAFEh viEZ: AWEg o] A{de] WHE AT

= MAHAIEZE Q7] wiel, Fekgeld Bte W AR A9 19 315

rir

o} o] AQ AT M7 Mg IR wolx, AF /R Fhiel 6
F5159) W (fuctuation) & e ALAAY wolA Ak 197w AN
94 Qe FeZ AW o AR ALAS ol Fate] PWM WS
ga 29 A PGl Pt ARES Aok AMAE A AME L )
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®
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o
i3
ki)
_>|"1_'4

i
K=}
ofo
off
e
o

I HHA B S AFEsHA] ko == Al 7] s Al E
o] AFg o ® QlE] WAStE Al E A (reliability) SHef, AlAE Fu]o] F7F %7

FA 82 W ge §4 05 BeA 5O Wil gtk FA Bw o
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=AZ 9F A7t 27bsstvhs @Al stk 7718 2ol A AE
Akt F71skE o] AaAa HE A7l =rbsshy] wEel 4y A4l
A9E AoE & & vk wEbd A AEelM egehs 9E A AAE
AL gl

= =olM Aljtes Asak
o AF71et FARSHA ol Foixink. AFa NFE ARV A ARV

Voi by Vo )22 AR A Adghe]l lEE AL, O A Bl et 5

I

o
o
u
~
1o,
offt
.
rlo
X
=
>
o
A
[
-0,
R
o

A9fAE A 1A Aok 9 3070l Albe A A ARU1e w3

2] (complementary) ©. %= A 9135 &b, 1} 41 A9X], 2/ 3 AYA &
77y A olF] FAlel A9 24 A i ARV 4 AEY A
ko] F(positive)d W= 1, 4H AT AA AL, S(negative)?] Aol 2, 3
A7 ARG F, & BEAY] A9QAE ¥ Y ol w4

7] Ho] 74719 9w thel 9Tt REE u g A0 X7} A E

FE
jg

¥

A"

mﬂll‘ !

Co N

- i
SR, w O

9 3.17 AFy e g7 F2 9 [39]
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o] ArbeLh 4 FAFE AAE ARY AR ) e, A 3

Adozre Pl FFT Wels thleSE BaM, Fate Ago] 33
d9os 34 9 el 55 A9AE Bo A7/t 524 A 0@ &

4ow Qa| AT PUF AR7E A9 AL A% 1% A4S 45
HoE AANAFE 4L s Ak o] B FHoE B b 2o

2
vphb:Vsin[a)gt—g’ﬂj, (3-1)

2
Vo :Vsin[a)t+7rj,
ph_c e 3

Vie a :V|sin(a)gt)|,

. ( 2 )
sm| of—-—rx
3

Vdcic =V

Ve 5=V

, (3-2)

o714 V= 8 ALY HF3k(peak value)ol i1, o, = A AlFY T3
Aelaeh AT Py PRI ALl Dot Bol FHst gl 2
7hEH, st Foo et AL AR 291X F2e] el 72 ] o

45 AW A4S (0% ol Aze Y At Aoy FuE WA
==
—

i

i

.

>

= AFdels 280 BF ANAHBL g o] AHS A
AMAE S A9 AL 4D WE F w3l ANE Aol oA A
4 4R A% ) o, Ad e wE frew AgHT A4
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B gapo] 7] wEel tholo= FFO AR sl ANANEAY AL
A% A5 nEst YAl JejsA, 27 4 A2E BLE A gt
.

AFs P AR/ 2929 Aold AEE A AR A ¥
Tol fa JAARZ, A9 AT A7) L DLt Uk AL A%

A7 tiF2e] AlE dAAE Y e 3|29 AojE fa Hod e

‘d = (block diagram)o|th. A AlFo A= S5t 49 A4 7+
o% HAAS HEst d F Ad= ek, d F Aske] Fol HEF A7

= 7% A AEe fdds 42 ¢ vk As ddel dste] &%
& (voltage unbalance), 53} W (frequency variation) 52| < = (distortion)©] 3!

-

= A5ode AlF ALY A4t 7] I (positive sequence fundamental component)

A

«<——e

dy a
€,
e «— “abc

qe l—— ec

% 318 A AE A4S =] A% Y 718 Ao W,
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2 ). 2
Bo=v, pig b—Vlsm( et—gﬁ)sm(wet—gﬁ—yj,

2 3. 2
F=v, i, C—Vlsm( t+§7r)s1n(wet+§7r—yj,

Po=Vy i dlie in a <:>V| sin (coe t)|id(,_m_a =VIsin (coet)sin(coet —7/),

5

[SSR NN}

= va'(r_in_bldc_in_b <V

sin [a)e t—

sin [a)e t+

Br = vd(r_in_(rld(r_in_(r <V

d
)
-7
3
i;c_m_a = Isin(w,t - y)sign (sin (a)gt)),

- . 2 . . 2

lge in p =1sIn (oet—gﬂ—y sign| sin a’gf—gﬂ ,
- . 2 . . 2

lge in o =1sin (oet+§7r—7 sign| sin wet+§7r ,

(3-3)

. . 2 . 2
lge in p = VIsin UOJ—E” sin wet—gﬂ—y ,
. . 2 . 2
Ly o =VIsin|ot+—m sin| wt+—mw—y |,
dc_in_c e 3 e 3

(3-6)

(3-7)
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Aleh aFuk Y AR71E o488kl G-n 2ol dESF AR ARE Al
ofetd ATyl FFg FF7IM AF AAE S TS oA Fak Y
5 A A7 e 2 5 odes Vet

g dEE I AgE (L) ZE AWANEC)E TAE LC ZEHOY ¢
g5 AR AR 1x9E ZH¥ she @S vk dE AYEet ¥d
2 94¥ AFR)> LC H Y S As] 13 5 (damping) S =2
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sin(a)et)
u . 2
e, |=E sm(a)et—z'ﬂj , (3-15)
eW
) 2
sin| @t +—7
o)
sin(w,t -6
vlt ( ‘ )
2
v, |=V sin(wet—37z—5J , (3-16)
v, 5
sin(a)et+37z—5j

AV E = AY AT A AV, v = AYA BT AF7]9 A9 ¢l

7= 8 Akl 4718 I, s Y AES 72 F9ba(angular
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= ekl thed 2o
(3-17)

w) O = PR 2 A G, o] 5 Ao
a,+a,+a, =1
b, +b,+b, =1,
O<a,b <1 (x=u,v,w)
71X a, bz 242Fe] A9 A7F AA = & FE(turn-on duty ratio)s 7+ 71 Th
of wl WX a, b Aol ATFHE A9 F] w3 B A v
ol yehd 4 v
vll
v, _ a,a,a, 3-18)
T (
VW
aEa W7l B2 ARGt A9 AES 8 A/ A9% F
7] &<tel Fwke] #AlE vha ) #Zo] yER o] Xt
lll u u .
L= a b, {_l.o”}. (3-19)
i, a,b, for
(32003} e WA oz 7F Ao A9ATF AXE=

a8 [76]0A4 =
S A3

66



[a, | X, [h,

a, |=AY,| X, |+| A, |,

L4, | | X, h,

T X u

b, |=AY,| X, |+|h, |, (3-20)
_bw_ _XW w

oA714 Atz WMol AT Aond A71E Fo7] A8 2AsHe
Folu, X, X, X, = W7ol AhHE Age 99 2719 JFE W57
A8l =4dsk= ME FF(modulation function)E WERW L (3-21)3 o] Foizl

.

i t+
X, sinlos+7)
X, |= sin(wet—imyJ : (3-21)
X,

" 2
sin(a)et + E;z + yj

o714 y= 29029 98 Aty AL A% AR 27HE 95 4% o
Ebdith 4 (3-16), (3-20), (321 (3-18)°l Thdahd Wd7lel Q17be s ke

the 3} o] fEHLh

% 3 . Y v,
‘= ; -22
LJ ZAVVSIHWJF(S){Y,,}{VJ’ (3-22)

AN v= A9 A 24D 3-17) & WEAIFN7] Y (3-20) 9 hy, h,
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hys ZATFoRN dojx|= Hfolrt oA v, wel

s MGl Q7bEE Aol wolA gor thew) o] e

vo=hyv,+hv, +hy,. (3-23)

uu

T s whlel 7bE = sk ek 2ol AtE T

v, —v, = %AVV sin(y +8)(¥, -Y,) (3-24)

Vou =V,

ol W vy, ¢ v, & (3-25)¢ o] AAsH 1FyF wWtT|o= LA A7

2 A3 2913 Fokel wheh REW ke dere] bR

{Ya } { sign(sin ot) } (3-25)

Y, —sign(sin wt)
A7 o= 2913 FIE 7T 28 al FetSel
nata Qo e, R A Rt ARt AR 4 Qa1 oo

A7l B2 Ao o 2ol T

_1,-Y) (3-26)

714 1= R Ao A7 Ak A (3:20), (3-21), (3-25), (3260 (-



19)ell thdshd, A Ase] 9489 AFE v 2ol 72 5 Utk

sin (a)et + }/)

i |=V sin[wet—§ﬂ+}/j . (3-27)

" 2
sin[a)et + gﬂ + }/j

olAH AA BE AGRTldds A AEe Aol weh AEs] A9
= WEste] Wstlel 7bE = AskE sk W Fel dd AlEe Sl
g ARs ddve] gHE e 5 vk o] 22 AReR Qs dlo] 2
Q3 wF-AF WS AN A9A R AFVI7F AREEE, Aol wet
AR Y A9F FAs WAs AR SR kv [77], (78] ZLEu

o] A Wi szt F4 £l Brbsse PP Ay Adel BaH 4

$ AR 5 Ak Z2en RES FE7F Brbsstel A29e) dgo] el
AAL g3 AL A5 2go] offrke wigo] vk

2 mReld Attt nFs Wdvlg AAE A wEe /EHow o
% EE OEE valx Hzd FEZ /Rt 19 319 vehg de ag
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o]

(switching frequency)©] ™, square(ar)
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t——m

29179 F3

! ( 2 j
sin| ot +—r ||,
3

Vi o8u JSquare(wt),

S (C()e

-

o=

vdc bgac bsquare(wt)ﬂ
Vi &a Square(ot),

14

b:

a
c
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ac

Vie o= V| sin(a),_, t)|,
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Vie »
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v
o714

N

TYEn 3

s
£7] 9

MR 2 03 12 H

R

I AFEE T i ane

o]

70

EM, (3-28)1} o] Folxit)

= Az

R

Al AE o] H

X =)
-1

o



8ac a= msign(sin (wet))sin (wet - 7),

Qe p=msign [sin [a)et —%ﬂj]sin Ewet - %71’ - yj, (3-28)
. . 2 : 2
8ue o =Mmsign| sin a)et + Eﬂ sin a)et + Eﬂ -7 |

Vae o= mV| sin (we t)|sign (sin (wet))sin(wet - }/)square(a)t),

sin [wet—éﬂj sign [sin [a)et —%ﬂjjsin [a)et —%7{ —}/jsquare(wt), (3-29)

. 2 . 2 . 2
sin wet+§7z sign| sin wet+§7z sin wet+§7z—y square(wt),

AW Az E BeA AMEe] PwM 524 E B4 AmEe fUZe
=z
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ac _
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ac_c
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=
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(3-33)
(3-34)
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Vacia ac_a = Vdciinialdciinia

dml,y sin ( wt—y ) sign (sin (a)gt)) cos(wt)cos(wt — ),

= ldciinia =

vaciblacib = vdciinibldciinib

I, . 2 . 2 (3-37)
% sin a)et—gﬂ—;/ sign| sin a)et—gﬂ cos(wt)cos(wt —a),

Aad ldciinib =

vaciclacic = vdciinicldciinic

I, . 2 _ . 2
sin a)et+§7r—;/ sign| sin a)et+§7r cos(wt)cos(wt — o).

4

Aad ldciinic =
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Atk zb o] wbguk= §1730] 60°% FHolx o] glom FAgt
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load

load

L

load load a

e
load load b

out _a 3 l

1 Tout _a
1+ 3 —
voutib : i

| Cout_b

=
' H—
Voutic i l

| out_c

L —>
1+ ‘

79 34334 33

elnadia == ESin(wlnad t)’

. 2
€oad b= ESln(wlnad t _gﬂ)’

. 2
€, . =—Esm(w,m t +—7r),
- 3

di
. out _a
voulia - Rloadloutia +L dt

load

v

out_b —

di
. out _b
R l + Lload

load “out _b

+ L dioul _c

v = R l load dt

out_c load “out _c
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o] A JAYEAE oulgiet. #HxE WIS o] §dto] M (3-40)=

d-q FFAZ #setd 3413 o] YEbd 5 T} [55].

.e

dlouz d

e e .e e
voul d Rload louz d + Lload dt - w[{)ad Lloadlouz _q + eload _d>
ie
_ out _q .e e -
ouz q Rload out_q + Lload dt + w[{)ad Lload louz d + eloadiq ’ (3 4 1)

ANA &, S e, .= E7] dq BEAGAL Hae] 1Abe eluein, I

e ot g

eleoadid =0,
o (3-42)

See g e (3-43)

_ = ,e e e e _ = —
paut - 2 (elaadidlautid + el()adiqlautiq ) - 2 load _q out _q 2 out _q

F8 AYe q % ARod WA Yo d F ARs §E 48 dga
to Vlelald Eaow Relel olge 1% dud @ i dF ARE 9o
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]a)loadLloadloulidq
e* o*
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lout dg =m un Oul*dq*P-].V‘m’qu = 2 ::l qus 1 loulidq
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O 345v Y 2 BEA AWEY 29 Ag AP 4" =9 A,
a8 3 AlejHE ek ARE JEATE 700 kW 8-S A ATo Rt
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K

2n(x=0,1,2,3)> 7t Ao Agy A4 JIY'EAE 3 9™ A (impedance)
5,z A3 93 A (magnetizing impedance)E o] v]$tt}. o] R dlS o] &5
nFsh Ag)e 7 WA AR At A BAS WA o)A

Nzel A vhebm thes o] YEhd % gtk

V=17I,

V= [nvo vV, v3],

1
I:{_io Iy Iy i3:|’
n

2 2 2 2
n (Zm +ZIO) n Zm n Zm n Zm
2 2 2 2
Z _ n Zm n Zm + le n Zm n Zm (3_45)
2 2 2 2 ’
nz, nz, nz,+z, nz,
2 2 2 2
n Zm n Zm n Zm n Zm + ZIS

—

A7IA Vi 2 A dAp Ao o] Fol WY, I 7 A EE+=
AFE o]Folxl wEoly, z& A 7] A3 W (self-impedance) 9} 417t
o A% 9 ¥¥ A (mutual impedance) = ©] 7o % 13T~ 3 M (impedance matrix)

olt}. 4 (345 thevh 2ol WMPW & gk
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I=YV,Y=Z", (3-46)

o714 Y= A7 o] =u|E A(self-admittance) 2} S o] =H|E A (mutual
admittance) = ©] F01 %1 o =n|¥l A 3 H(admittance matrix)©]TF. ©] wj o] =w|¥]
2~ 4 9] d]| o) Z}3(non-diagonal element)- (3-47)2} 7] Z} 4 (node)7te] ©f
SulEzY S gk AbAh

Y=[y,].i.j=0.23

_ (3-47)
Yy

:_y,:/a

AN yyi= i, j wEZHE] A EV|RIAS YERdn o] BAIE ol &ste] 1™ 3.

io l:n z
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6o YEbH Wkr]e] RS 19 3479 €W R d(cantilever model)® W
FE 5 AT [@47] V1A Wkl As dudae g Aval 7R sk
Ao ZF LE Zke] SF AV (3-47)0] AAEFEAy) AR

Alikate] (3-48)e] erd ATt

g +n’ +n’ +
_ N 2132502 T Z)gZp2 TR 21023215 T 221025

Zg = >
21321
g +n’ +n’ +
s = N Z;3Z;02Z T 1 21022 T 1 21021320 T ZnZp253
0= >
ZnZn
g +n +n’ +
s = N ZpZjg2y TR 23022 TR 21023215 T 2121023
03 = >
ZnZn
g +n’ +n’ +
i N Zp3Zjg2; TR 2192152 TN 20213210 T 2325253
12— P 9
n ZZ;
g +n’ +n’ +
s = N Zj3Zjg2p TR 2102152 TN 21021321y T 221523
13 = P 9
n-zyz,
2 2 2
M 2322y H 2002002 H 200232 + 232552
Zyy = s (3-48)

2
nz,z,

A7V zi, j=0,1,2,3)= 19 3.47°] YERA Wl o 2d
EZY] 57 dHdAE e A (3-48)0lA vERY AAHYH 7t LEZTRY
S7F dudas 1T il W] 7 A8 A dedAE o] 88t
AR 4 ok 29d Ajke dE WE RN e 39 1FT oA
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L, = LlOfa + Lloib + LlOfc’
L, = Lllia + Lllib + Lan
L,= LlZﬁa + leib + leJw

Ly=Ly +Ls,+Lj ., (3'50)

_ n2L13L10L11 + nszoLzszl + nszoLzstz +L,L,L,

L - B
! L;L,
I = n2L13L10L11 + nszoLzszl + nszoLzstz +L,L,L,
” LyL; ’
I = n2L13L10L11 + nszoLzszl + nszoLzstz +L,L,L,
" L,L, ’
L. = n2L13L10L11 + nszoLzszl + nszoLzstz +L,L,L,
. n2L10L13 ’
L. = n2L13L10L11 + nszoLzszl + nszoLzstz +L,L,L,
N nszoLzz ’
I = n2L13L10L11 + nszoLzszl + nszoLzstz +LyLyL, (3-51)
“ nszoLzl ’
332 150 AY Ag 2dF
21 3-5)E AR 7 ZEZS] 57F I’ AE O¥ 334 YERd 31T
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ehfo} 7.

8mV

= sin( @, —y)sin(w,t ) cos(wr),
- 3

= SmV” sin(a)et —271' - yjsin(wet —zﬁjcos(a)t), (3-57)
- 3z 3 3

8gmV . 2 . 2
Vee o= sin a)et+§7t—;/ sin a)et+§7t cos(wt),

RY/4
4y
Vyee =——COS(0 — @), (3-58)
T
A7IH w= AR FAEE Uebdth 4 (3-57), (3-58)% (3-56)T 2L F
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Pa = msin(a)et —y)sin(w,)¢,

2
1omy sin(a)et—gﬁ—yjsin(mg—%nj¢, (3-59)

16mV? . 2 . 2
Pe =753 S| @f+—7w—y (SIn| Of+—=7 ¢.
- T 0 3 3
=

Aes]= dego] A (3-59)¢F 2vhd 349 dd Ao &2 (3-60)3%
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i
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v,
ol

i(0)=-

(0-0)+i, (3-67)

(3) B M (5,<0<6))

i(0)=

V.-V,
ol

(0-6,)+i, (3-68)

@) ZZ IV (85<0<n)

i(0) == (0-5,)+i, (3-69)

SN T 7 mEeAe) HAfE REsh WAHE il mE A%
oloof &tar, AYH W F7] ok AFE gHo He=E ey e 20
e

b=l (3-70)

ol T3 (3-66)-(3-69)F olgstd 7t v MAEE AR ARE (-
71)-3-74)8 #Zol & = 9loH, deHs B Y2 3-75% gol 72

G gle

1 V(2zmsin(0, —y)sin(0,)+6¢ —37)

= 3-71
0= oL (3-71)
1 Vr(2msin(@, —y)sin(6,) -3
,-- L Emsind,~1)sn6)=3) 5
oL
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11

s = ool (V(2zrmsin(0, — y)sin(6,) — 3zmsign(sin(6, ))sin(0, — y) — 6¢)), (3-73)
1)
is, = é% (V' (2rmsin(0, — y)sin(0,) —3zmsign(sin(6, ))sin(0, — y ) +6¢)), (3-74)
1)

vl oo 2 V2 ¢msin(0, — y)sin(6,
P=LiLi, i, 6, -6 =2 s Z)sinG)
T2 3 oL

(3-75)

A 2 25 7] RER FRET 7 REA S HRe e 2ol

(1) = 1 (0<0<g)

i(6)="20+i, (3-76)

gw

Q) BT I (4<0<5)

i(0) =—%(0—¢)+i¢ (3-77)

(3) B I (5,<0<6))

V.+V,
i(0)=- " (0-6,)+i; (3-78)

@) B IV (5<0<m)

i(0) =—%(0—52)+i52 (3-79)

BE 13 sAR 7 REsh AREE A9 ARE el okl Aol
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Lhebich 2% AR e ARE B 19 A49el BAg 2oz ehol A,

1 V(2rmsin(0, —y)sin(0,)+6¢ —37)

0" 6 oL G710
= 1 Vr(2msin(0, —y)sin(6,) —3) , (3-72)
6 oL
s = _%LL (V(2zrmsin(0, — y)sin(6,) + 3rmsign(sin(6,))sin(6, —y) — 6¢)), (3-80)
1)
is, = %LL (V' (2rmsin(6, —y)sin(0,) + 3zmsign(sin(6, ))sin(6, — y ) +6¢)), (3-81)
1)
=L, +i, )6, -5 =2 om0 7)sin,) (3-75)
T2 "7 3 ol

A 27 3% 47K RER FEREH 7} REoA HRFE thSa) o

(1) Z5 1 (0<0<8)

i(0)= Z"Leﬂ‘o (3-82)

Q) RE 11 (5,<0<4)

i(6)

_V+V,
ol

(0-6,)+i, (3-83)

(3) BE M (4<0<5)

i(0) =%(0—¢)+i¢ (3-84)
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4) BE IV (5<0<m)

()= (0-5,) i o

7 ek WAEE A0 RS (3-86-(3-89)% 2ol T# £ glov, d

T v

gGE = Hd AE2 (3907 2ol 73 4 Sl

- 1 V(2zmsin(0, —y) sin(9€)+6¢—377), (3-86)
6 oL
ly = _é%(V(zﬂmsin((i —y)sin(6,) + 3zmsign(sin(6,))sin(6, —y) + 64 —67)),  (3-87)
.
= 1 V(2]sin(6,)| 7 —4|sin(6,) ¢-31). (3-88)
6 oL
by, = _%LL(V(—Mm sin(6, — y)sin(6, ) + 3rmsign(sin(6, ))sin(6, — ) — 64)), (3-89)
.

P %%((isl i) —8)+ Gy +is NS, —9)

7 [sin(6
_VZJsin@.)] {27 msign(sin(0,))sin(0, - y) —7°m’ (cos(0, =y)’ ~1)—4¢” +4gm —7°}.
6wl

(3-90)
A 21 4% 7HA] RERE FEY, 2 REX 9 dFe v 2ol
e o] %t

(1) RE 1 (0<6<5)

Mo

o

i<9):£29+i° 3-91)

119



2) =11 (020<9)

i(0)

_VitV,

—(0-6)+i, (3-92)

(3) BE I (4<0<5)

i(e)z_%(e_¢)+i¢ (3-93)

@) B IV (5<0<m)

i(0)=-

v,
ol

(0-8,)+i; (3-94)

7w} MAEE AW ARE obdel vebih Q% AR e
%

A Ao yehfolAr, de¥= e A2 (3-98)%

1 V(2rmsin(0, —y)sin(0,)+6¢ —37)

b= o~ (3-86)
i = éLL (V(2nmsin(0, — y)sin(6,) + 3rmsign(sin(6,))sin(6, —y) + 64 — 67)),  (3-95)
[0)
- 1 V(2|sin(6,)| 7 — 4[sin(6,)|¢ + 37) ’ (3-96)
6 oL
iy = %LL (V' (2rmsin(6, —y)sin(0, ) + 3rmsign(sin(6, ))sin(@, —y) + 6¢)), (3-97)
[0)
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Tk WA ed 271 19 7 BEAAY HF

(1) Z5 1 (0<0<8)

i(e)z—Z"Leﬂo

Q) BE 11 (5,<0<8)

. V.-V, .
Z(G)ZT(G—&)-FZ&I

(3) BE I (5:<0<¢+7)

i(0)

__ "
ol

(9—52)+i52

@) B IV (¢+7<0<n)

i(0) =~ (0-(+7)) +i,..

A F3 (3-101)-(3-104)= o] &34

(3-105)-(3-108) 2} #o] 3 4 SQloh
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o] AL9 upR AR 47K RER I

g3 2ol Ve % 9

(3-101)
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1 V(—6¢ +2xmsin(6, — y)sin(,) —37)

= 3-105
[ oL ( )
s = %LL (V(2nmsin(6, — y)sin(6,) + 3rmsign(sin(6, ))sin(O, —y) + 6¢)), (3-106)
1)
is, = _éLL (V(27msin(6, —y)sin(0,) + 3mmsign(sin(6,))sin(6, — y) — 6¢)), (3-107)
1)
= 1Vr(2zmsin(6, —y)sin(6,) —3) , (3-108)
6 oL
2 . _ .
P=LL(, i, )6, -6 = 2LmInC._1)sin@) (3-75)
w2 3 ol

(1) B2 1 (0<0<8)

i(9)=—Z”L@+io (3-109)

Q) BE 11 (5,<0<8)

i(0)=

VAV,
ol

(0-6,)+is (3-110)

(3) BE I (5:<0<¢+7)

i(0)=-

v,
ol

(0-6,)+i,, (3-111)
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@) B IV (¢+7<0<n)

i(0)= Ve (0—(p+7))+i,,, (3-112)

AR oA 19] A$9) 2ds ez UehfolAv, dgHs P
AYE ¢4 27 19 A9 FF £ A9 ed 21 1, o4 272 29
FAg Aoz A
- 1V(—6¢+27rmsin(9€—}/)Sin(ee)—37f), (3-105)
6 oL
i5 = ‘%ﬁ(wzmsm@ ~7)sin(6,) + 3xmsign(sin(6,)sin(0, —y)~64)),  (3-113)
i, =%%<V<—znm sin(9, —7)sin(6,) + 3xmsign(sin(6,))sin(0, =) +64)),  (3-114)
.
e 1 Va2emsin(6, —y)sin(6,) -3) , (3-108)
6 oL
Vi 2V ¢msin(0, — y)sin(6,
T2 3 oL
A 2 39 7 REAA S AFE o go] yeRoxith
() EE 1 (0<0<68)
v
v Voo 3-115
(6) Lago (3-115)

Q) BE 11 (5,<0<¢+7)
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i(0)= V"a:LV" (0-5,)+i; (3-116)

(B) BT I (4+74<0<8)

i(0)

_VitV,

—=(0-(7+9))+i..y (3-117)

@) B IV (5<0<m)

i(0)= Z"L(e—éz)néz (3-118)

_ 1V Q@amsin(0, —y)sin(6,) — 37 — 6¢)

- & (3-119)
b = ‘%LL (V (2mmsin(6, —y)sin(6,) - 3wmsign(sin(6,))sin(6, - y) — 6¢)), (3-120)
Q.
e 1V(=3x +2[sin(8,)| +4sin(6,) ¢)’ (3-121)
6 oL
iy, = %LL (V(2xmsin(6, —y)sin(6,) - 67 +3zmsign(sin(6,))sin(6, - 7) - 6¢)),  (3-122)
Q.
Vi, . L
P= 2l i)+ =6) 4 iy 41, ), = (7))

V?|sin(@
= —M{%zzm sign(sin(6, ))sin(0, —y) —n°m’ (cos(@e —y) - 1) —4¢*> —4¢n — 1’ } ,
6wl

(3-123)
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A 21 49 7 REoA Y] AR vhg o] vERf el Xtk

(1) B2 1 (0<0<8)

i(@)z—Z”LQJriO (3-124)

Q) BE 11 (5,<0<¢+7)

i(0)=

VAV,
ol

(0-6,)+is (3-125)

(B) BT I (4+74<0<8)

i(0)

_VitY,

(0= (7 +9)) +ins (3-126)

4) EZ IV (5<0<n)

i(0)=—=(0-6,)+i,; (3-127)

_ 1V (Q2rmsin(6, —y)sin(0,) -3z — 64)

V= ~ (3-119)

s = _%LL (V' (2rmsin(6, —y)sin(6,) + 3zmsign(sin(6,))sin(6, — y) — 6¢)), (3-128)
1)

1 V(=37 +2|sin(6,)| = + 4[sin(6, )|¢) (3-129)

l )
e 6 oL

139

&

| &1



11

6ol

(V(27msin(0, —y)sin(0,) + 67 + 3rmsign(sin(8, ))sin(6, —y) + 6¢)), (3-130)
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P=

(@G, + 1 )T+ =8) + (14 15, )0, = (7 +9)))

V?|sin(6,)

T2

{—27r2m sign(sin(6, ))sin(, —y) — n°m’ (cos(@e —7) - 1)— 4¢* —A¢m —1° }

6wl

(3-131)
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A (3-133)0.% e oA ™, 349 e (3-134) = *

Figs

Ay
e i

sin(w,f —y)sin(w,t)¢,

2 mV?
3 oL

(3-133)

. 2
Via —yjs1n(w6t+§ﬂj¢,

2
3

sin (a)gt +

szZ
3 oL

p.=

(3-134)

B

HE 7} AEd2 AZdE o
13 3.340] e

(3-134H)E YeRd 5 gl

°
;ﬂﬁE

gy

B
J_.NO

ﬂ
1

5 gom,
(3-136)0. 7

4o (3-135)F YERd

o 94

=

Z o
-1 =
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A
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Fol vhER 4 gle
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v, b
' ' >
0 T 2r
Vyer 1
0] |9, 7 2 g
o |, 7 e
0 3 7 2 g
9 364 7 XEO Y AY 97
P2=Po* P~ Py (3-137)
Ps=Pos+ Pis + Pos-
152
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2l (3-137)0ll A 7 LEZ] AEE = A8 332 doA Rdyd Aol

(3-134)%} (3-136)= ol &3sto] v o] yeRd & gt

2

cos(y)qﬁj :i=0, =123
py= ! ) (3-138)

8V .. .
W(gbi—gbj): l,]=1,2,3(l¢])

oL

A7IA ¢ (i=1,23)x= 17 3.64°] YEPA HH WEx F BIA QAHE

=
9 Agh 74 nFe B 4RI 28 AUz 94 Aol ek

o

2 (3-137)% (3-138)= T Fste] ths #o] PP o E I} + k.

P=GO, (3-139)
I’Z[p1 §2 p3], () :[¢1 ¢, ¢3]’

g & &is
G=|g, &»n &x |
831 &3 &3

2
mV COS(}/)-i-Z 8V

oL, = rn’oL,
8V

‘o

ti, j=1,2,3(i=))

i, j=123(i#))

i

o1714 G 19 3340% vEhd 173 dE AERo ZAE(plan)E HE
U= AlAED 3 H(system matrix)©] 3, 37448 a1 uf FubeF A F7]o QA Ho]

723} Aztow FelSo] stk Aol B ouldtt 0% P 27 o] A
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olth. 1ld] 7ol ¥E= qHE A

]
8
r& ‘W

ot [79]-[81].

g 7o) MIMOMulti-Input Multi-Output) A 28-S A2 =A<l o
7N 2] SISO(Single-Input Single-Output) A|AF 0= FEA|A AolE &ol3tA =t
== Aotk AlAEY] JEE S UEhl= A G-140)0] AlEA B 3™
(decoupling matrix) DE £33l UE #lo] 1S 7Hel7l& 9E et ot} 2
(3-141)¥ o] AA"E wiE"HA GoF wy dE DO & Ey(matrix
multiplication) & A} Al A~ El(pseudo system) W] EE A Tkl s, Ao} &3}
=9 9y poo #AE 3-142)2 dEbd 5 Utk o] o FAF Al AE viEE
Iy

Jolekr, Zzte] Qe FHTL (3-143)% o]

P=GDU, (3-140)
T =GD, (3-141)
P=TU, (3-142)
U=[u u,u,]

d, d,, d, b 00
D=|d, d,, dy|, T=[0 1, 0|,

d31 d32 d33 0 0 t33
p.=t.u,x=1273 (3-143)
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o714 D TY vzt &8 o= whso F= 985 sttt 77 99
5 Aot WHE olAFAQl 2l (ideal decoupling), WshE 2] (simplified
decoupling), <& (inverted decoupling) 5°] Sl=Hl, ¥ =A== 1 F 71
g AbgH e destd e e AREET [80] Hestd FeE WS D
o] tjZ}é(diagonal element)s 1% TH=i= BPHO R o] we] po vtz &

& (3-144)3} o] HNATL, TS 7 FL (3-145)2 F3NHT}

d, =1,x=1,23

_ 8138578381 d. = £381,"8»8:3 d. = 83831783380 do. = 813821781182
d,= , A3 = s Gy = s Ay = )
238382833 22383 785,833 2138517811833 8138517811833

d, = 82,85 1858 do. = 812851781183

, dy , (3-144)
2285781182 812821781182
fo= 81382851 7813850801 + 82381851 8281183 ~ 8338128 + 8338118
1 = )
-22;83 785,855
= 81382851 78138385 T £5381:851 — 2281183 — 83380851 T £5:818
2 = B
8138317811853
fo = 81382851 781385081 + 823812831 — 82381183 ~ 833812821 T 8538182
33 B
8,8, 18118
t,=0.(i#j) (3-145)

2o AClE o143 FHH Ash Aol THES 19 36500 vehhelet. 3
4 EYE ARD A AFOL 0% Y AR 09 A AR

Ak Aol (c,, )® PLHL Ao)7]9] Fejo] B WEYAS AH 2429
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vdc out _b
vdc out _c

=

CV,s

b+
pDut c

» 8
* 8

AR A AElS BRERRE (3-145)0] &

[e)

i

1L

Holzto z Algar. Afw 4079

)

d13
g AA

> d),

kel

P AT 9%

+

s

38 A2 =g A2l 37]2] SISO A]|AH o =

vdc out _b

AT

A

R

3.667 #Zo] vEhd 4
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N
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e
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k| =
=H = A
= O| HH E-
= =/ - oy A
— —> —

» ) —— %7 mmmi g >
briage @4% dae
a9 366 2HS AR
dc _out d 2
px - poutﬁx = TEVLZC’UM*X’ X = aabac (3'146)

035 wd 47712 B A9Es A= 94 w07 o8 Ay
H, 2 HolzhE 2AES] st Y Ay AP(p)S B-147) 2ol vl
2] 3*-(proportional and integral, PI) Ao} 7] & AF&3&to] -3t Zh(pp)dt A3 R LSS

(pr) -2 1514 STt

P =Ppr T Prr_y»

pPI?X = Kpivdc (vdcioutix - vdcioutix) + Kpivch‘(vdcioutix - vdcioutix )dt (3'147)

— * _
pFFix _poutix’ x_aabac

A e Y F AY HAFS £9 F A AWEE B FUHE

R

dele Fen A ARE Ea Ads] mwA 48k & 4+ 9k A4
=]
-
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C d
* * _ dc_out 2 _
Kpivdc (vdcioutix - vdcioutix) + Kpivdc.“(vdcioutix - vdcioutix)dt - 2 Evdcioutix’ X = a’b’c

(3-148)

T A S goE AojHu vka 7Y sk, (3-148)9)
=985 AR A4 Ans FA AV o)l HIL 2] A2 Z(Talyor series)®
AN 2218 o] AS FAlEHH (3-149)9F o] el 4= 9o, (3-149)F

(3-148)°ll ]k (3-150)9) 212 ¢S 5 Ut}

2 2 —
vdciout x I/alc out 21/010701” (vdciautix - I/0107014t ) , X= a’b’c (3_149)
Kpivdc (vdcioutix - vdcioutix) + Kpivdcj(vdcioutix - vdcioutix) L= CdcioutVdciout Evdcioutix’
x=a,b,c
(3-150)

2l (3-150)= &k~ W 3k(Laplace transform)dto] &85 2 Fd At AH

3 A4 Agte) ALA4E Tad e g

KP,VdC S+ Kpivdc
2
vdcioutix _ CdcioutVdciout CdcioutI/dciout _ 2§w S+ (0 x=a b c (3 151)
s —u,u, -
vdc_out_x S2 + Kp_vdc s+ Kp_vdc S +2C(0 S+(0
Cdc _out Vdc _out Cdc _out Vdc _out

ANA @, & AT A v ZH4] F 3 (natural undamped frequency)©]

3 & 34 8](damping ratio)®] th. AE 7t Q3 w0, ¢ E ZE7] $18] Bl g
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(=06 +26; =6,V + (=06, =65+ 26,V + (=6, + 6 )V;3 + (=20, + w + 29)V),

(=65 +0)V;) +(0, =05V, + (=0, + 63)V;3 + 9+ 7 = 26))V),
(26, =65 =0V + (6, = 05)V;5 +(=0, + 8,V 5 + 2p + 7 —26,)V),
(=64 +26, =0V, + (=05 =0, +20,)V;) + (=05 + 0, )V;5 + (=20, + w + 2¢9)V),

1
b
20L
b
2L
L
2wL

2oL

Is1
Isy
Is3
Isy =

7R 2 19 3.69¢0 3



. 1
Iss = 2a)_L((_56 =0 +205 )V, +(05 =0, V) + (=05 +6,)V;5 +(m =205 +2¢)V),

. 1
Ise = m((_gl + 06V +(05 =0, Vip + (=05 + 6,)V ;5 + (=20, + T+ 20)V),

. 1
ly = m((_aé +0))V + (=05 + 6,V + (=0, + 8, V5 +7V). (3-154)

) +d x4 2

. 1
Is1 = 2w—L((_56 +0)V + (=05 + 0,y +(6; =6,V ;5 + (26, + T =29)V),

Isy) = > lL' (=0, +26, =64 V;; +(6, = 85)V;5 + (=0, + 8,)V;; + (=26, + T+ 29)V),
.

Is3 = > lL‘ (=04 +20; =0,V + (=05 =0, +26,)V,, +(8; =6, V}3 + (265 + w +29)V),
.

. 1
isy :2a)_L((_56 +26, =0V, + (=05 =0, +20,)V, + (=05 + O, )V;3 + (=25, + w + 2¢)V),

Igs = > lL'((_56 +205 =0V, +(05 =0,y + (=65 +6,)V;5 + (205 + T+ 29)V),
.

. 1

Ise = 2wL'((56 =0V + (05 =0, Wiy + (=05 + 6,3 + (=264 + w + 29)V),

) 1
iy = ﬁ(@qﬁ —0s =0, + (=05 +0,))Vr + (=0, +0;)V,5 + 7V). (3-155)

(3) +x =43

. 1

Is1 = 2w—L((_56 +0)V + (=05 + 0,y +(6; =6,V ;5 + (26, + T =2¢)V),

. 1

lsy = ﬁ((_gl +28, = 06)V;; +(8, =05V, + (=6, + 8;)V;5 +(26, + m = 29)V),
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. 1
3 = 2L (=06 + 26, =6V + (=05 =6, + 263)V;, + (6, = 6,)V ;3 + (=265 + m +29)V),

. 1
fg0 =5 (0 + 20,8V, + (<55 =8, 26,V + (=0, +8,)V5 + (20, + 7+ 20)V).

. 1
lss :_2Q)L ((_56 + 255 _51)1/;1 + (55 —52)1/;2 + (—53 +54)I/;3 + (_255 +r4 2¢)V),

. 1
is6 = 5 (G =8V + (8 =0,V + (=0, +8,)Vis + (25, + 7+ 29)V),

1

iy =5 (20 =8, =8V 4 (20, =8, 4 20,y + (-8, + 8V 4 7V, (3-156)

) 1
igy =5 (=8 + 8V + (=85 + 8,)V, + (8 = 8)Vy + (26, + = 20)V),

.
D
b5y =5 T (501420, =0)V;y +(8, = 05)Vi + (=04 + 05)Vs +(20, + T = 29)V'),

. 1
3 = 20l (=06 + 205 =6V, + (=05 =8, +203)V, + (6, = 6,)V;3 + (26, + = 29)V),

. 1
iga =5 (0, + 28, =8V + (=85 =8, + 28,V + (-8, 48,y + (28, + 7+ 29)V),

. 1
igs =5 (0, +20; =5V + (85 =8,y + (=0, + 6,0V + (285 + 7+ 20)V),

1
iss = (F =8V + (85 = 8,)Viy + (=0, +8,)Vs + (28, + 7+ 29)V ),
iy = —2;L (20 =8, — 8,V + (=85 =8, + 20W,y + (=6, — 5, + 20,5 + V). (3-157)
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29 A BPe YT B4 £ AelE 2A7e] 4 oA W ¢
el Q7bEE A AFe BAZ o] gate] A9 Aol Wyl

L ARE TE 5 Ak okl 1 A%E el

o1
[

. 1
Is1 = 2w—L((_56 + 6y + (=05 +6,)V,y +(65 = 6,)V;3 + (=26, + m +29)V),

iy = JIL((“% +20, =0 WV;y +(6, =05)Viy + (=0, +05)Vi5 + (=20, + T+ 2¢)V),

g =ﬁ((—56 +28;, =0V, + (=05 =0, +20,)Viy + (0, =0,)Vi3 + (20, + m +29)V),
Iy = ﬁ((_é" +28, =0,y + (=05 =0, +20, )V, + (=05 +6,)V;3 + (=20, + T+ 2¢)V),
igs = 2(%((—56 +205 =0 WV + (05 =0,y + (=05 + 0, Vi3 + (=205 + T +2¢)V),

ise = glL(((sé =0 Wy + (05 =0,y + (=05 + 0,V + (204 + 7 +29)V),

. 1
Levg =~ 2oL (=65 + O )V + (=05 + 0,V + (=6, + 6,)V,5 + 7V), (3-162)

Q) +d =1 2

. 1
Is1 = 2w—L((_56 + Oy + (=05 +6,)V,, +(65 = 6,)V;3 + (=26, + m +20)V),

. 1
Isp = ﬁ((_é‘l +26, =0V +(6, =05V, + (=0, +63)V;3 + (=20, + m +2¢)V),

. 1
iss =2w—L((—56 +20; =0V, + (=05 =0, +20,)V,, + (6, =6,)V,; + (=20, + T+ 29)V),
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. 1
iy =m((—56 +20, =0V, + (=05 =06, +20,)V, + (=05 + 6, )V + (=20, + w + 2¢)V),

by = (=8, + 26, — 8,V + (855 — 8, W + (=5, + 8,)Vjy + (<25, + 1+ 29)V),

2oL
. 1
ise = m((@) =0V, + (05 =0,V +(=0; + 0, )V;5 + (26, —=37m = 2¢)V),
g == (0, + OV + (<05 + O + (84 4 8, + 20, (-163)
[0)

. 1
Is1 = 20)_L((_56 +O)WV + (=05 + 0,V +(0; = 0,)V;3 + (=26, + m +29)V),

. 1
lsr) = 2a)_L((_51 +20, =05V +(0, = 65)V,y + (=0, +05)V5 + (=20, + m+29)V),

. 1
ls3 = 20)_L((_56 +26; =6V, + (=05 =06, +20;,)V;5, + (63 = 6,)V;3 + (=265 + m +29)V),

isy = ﬁ((_&’ +20, =0V, + (=05 =0, +20,)V, + (=05 + 6, )V + (=20, + w + 2¢)V),
)

. 1

Iss =2w_L((_56 +205 =0,V + (05 =0,V + (=05 + 0, V5 + (205 =3 = 29)V),

. 1
lse = ﬁ((&s =0y +(85 = 6,)V,y + (=05 +6,)V;3 +(265 —3m = 29)V),

i

» =2G%L«2¢+2n 5y By + (=65 — 8, + 27+ 20)V,y + (8, — 8, )V,y — V). (3-164)

. 1
Is1 = 20)_L((_56 +O)WV + (=05 + 0,V +(0; = 0,)V;3 + (=26, + m +29)V),
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(Qp+27 =8, — 8V, + (=05 =8, + 2 + 20, + 2 + 29— 8, — 8,)V,s — V).
=

((_56 + 253 _51)1/;1 + (_55 _52 + 253)1/;2 + (53 _54)1/;3 + (_253 +7 +2¢)V),
(=65 +206, =0V, + (=05 =0, + 20,V + (=05 +6,)V5 + (26, = 3m = 29)V),

(=6, 426, =0)V;y (8, =65 )Viy + (=64 + 8;)V ;5 + (=26, + T+ 29)V),
(=65 +205 —6))V;) + (65 = 6,)V;5 + (=05 + 6,V ;3 + (265 =37 = 29)V),

(6 =0 Vi +(05 =6,y + (=05 +6,)V;5 + (264 =37 = 29)V),
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o] oA 19 3.69 (a) A

b, gl grarkA el T

S

= ol

=]
Ay

17he] = A5k

o
RS

H 7]l

o
&

=
Tl

—0), webA iy} iy

(Vsyn ~Vrec )d9

¢+
¢

9]

(]

& 3L

ol

w 7] o

&

€]

il

NI

]

71 el oh

s

2913

=1
T

gk A

E

1

H

|

o

[e]

717F Ao A a1, gell A grazbAe]

HEX] QAHH

=

7t webA i9) ol ip Rtk A,

S
=

=2

=
R

ol iy

s 47 o

FH

bl

NI

]

71 s 3

]:1]1,

]

;AO

o

o e 7HAA
¢°ﬂ}‘1 ¢+7z'7]]-X]9/] T7F Eol ¥

o &%

[e)

L
T =

OO]:g i¢+7z'

[e]
= &

dagre] 2% gte] o

= x
) Y

o
R4

17} 5]
Bt 34 &4 Al

ZHAA A

71

o}
=]

=
R

2o g

L
a-

DA AsE
o1el 7

<

THAA o] mt

S
=

e
=1

S
=

G

= 3SFA
1__601-01-

[

1

sha i

&

S|
&

oy

0|

H B
T

=3
=

4% 2

LTRSS

ER o]Fo|A

A %

bl 1el)

A&

gl

Ay
e i

1 33400 ERA 2} o] 479

-0,1,2,3)

=
IT

il

-
R

182



&

S

o gow 4

=
IT

%

had

ol

0,1,2,3)<

@@, i

=
IT

il

-

R

17}

=

=

S

5

=

E

o
Nd

B

M

B
J_.NO

—

T

=
R

QIH E o

A]

e
1|

<3
H

HElA] 9]

%

B

i

HolzZh (¥ 3.642

A 3

571 99)

¢]7¢27¢3)% %
T3

mmﬂ,o

)

A9

€]

W 57 Aol

oFulsF A7) 379 AAS

NA

1o

o

o |y vEA e s

=
IT

T} O
=2

e

o [36]. ZL¥id]l 3.5.18 A
183

i

)
pal

o 9

=
IT

1

s

il

=

5 =
—_—— 1

°©

AlellA ®ist7el



Al el A

2914

3
pis

RERRUEIDY

2g )

N

A fok ek o

O =
d 4= ©

°]%

<]
ol
3

HAl o

J|

vl

o
-

184

kil

-]

w
T

L
i

ffﬂ-'



A 4% A8 A

A9 B4 AYL B AEHA A

)

[-‘ {
o
St
il
1o
ot
(A
il
2
N

d

stel W@l AHgetach

I 4.1 Ao Algd AY Wk Fx9 Aot ¥ 3.190] e
Ate Ay W Ao sk &S A&t o, AYFE & 410 YERIA

EH
ZHIf A E

H-bridge
=
o =7
= _|_—|—.LL|'
eI H CHR A
HE |
19 4.1 18] M3 3

185



E 41 Aol AR dE w3 ZA 2 Ao 1Y A

i &[]

dy dd AE 220 [Vrus], 60[Hz]

=9 dokd 220 [Vrus], 60[Hz]
SEE Ly; 200 [uH]
Cp, 94 [uF]
g5 AR AAAE 11 [uF]
=835 A/ ANHAH 500 [uF]
29013 Tk 10 [kHz]
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342 Aol AR g v A sk AA ARk

R &[]
L5 8 [kVA]
A7A A A 25 180 [Vrus], ©1#FS: 120 [Vrws]
q7 AR A2}Z: 44 [Arus], ©1 2S5 22 [Arus]
G A=A} 30, ©]Z+5:20
= T 10 [kHz]
HA AA Y A8 A~E (FT-3M, Hitachi)
H A5 dx 1.09 [T]
A0 A 1.38 [cm?]
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ABSTRACT

This paper proposes a grid-connected three-phase AC-AC power converter. The
proposed power converter can be employed to interface a distributed power system or a
motor drive system to the grid. The proposed power converter provides galvanic isolation
between the input and output side of the converter, and makes it possible to bidirectional
power flow between them. Theoretically, the input current flowing into the grid shapes
sinusoidal form and its power factor is controllable.

The proposed power converter requires less passive component comparing
conventional power converters. Only small LC filters are used at the input-side, which is
connected to the grid, and bulky electrolytic capacitor is not used at the DC-link of the
input-side. The galvanic isolation and the voltage adaptation are provided by high
frequency transformers, instead of line-frequency transformers. These features lead to
reduce volume and weight of the power converter.

The proposed power converter has a modular structure. Twelve full-bridge inverters
form one stage, which is a basic module of the converter. The proposed power converter
can be applied to the grid or load with high voltage level by stacking and connecting the
stages in series. Twelve full-bridge inverters can be categorized into four types according
to their connecting structure and operation. The low-frequency bidirectional rectifiers,
which is connecting to the grid, switch synchronized with the line frequency and simply
rectify the input voltage and generate almost no switching loss. The sine-modulated full-
bridge inverters and the high-frequency bidirectional rectifiers are connected through the
high-frequency multiwinding transformers. The power transfer between them is achieved
by the magnitude and phase-difference between their output voltages, like an operation of

the dual-active-bridge converter. The output full-bridge inverters synthesize their output
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voltage using isolated DC-link voltage, like one cell of the cascaded H-bridge converter.

This paper explains the structure and the operating principle of each part comparing
with similar conventional power converters. This paper also analyzes the high-frequency
power transfer part and models it. Based on the analyzed model, output-side DC-link
voltage controllers are proposed. This paper analyzes soft-switching characteristic
according to operating conditions, too.

The proposed power converter and analysis on it were verified with experiments. The
prototype 12 kW proposed converter was built, which is used to interface two
independent three-phase voltage sources. The operation of each part of the proposed
converter was verified at various operating conditions and the input phase current was
maintained almost sinusoidal. Also a comparison between the proposed converter and the
solid state transformer circuit is performed in terms of their efficiency and necessary

passive and power components.

Keywords: AC-AC power converter, bidirectional power flow, grid connection, HF
transformer
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