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Generalized Circulating Current Control Method
in Parallel Three-Phase Boost Converters
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ABSTRACT

This paper analyzes characteristic of the three-phase coupled inductor connected to ac source to effectively
mitigate the high—frequency circulating current generated in parallel three-phase boost converters. The
three—phase coupled inductor analysis presented in this paper uses the three—phase coupled inductor structure
and voltage equations. Based on this analysis, the three-phase coupled inductor is added to the conventional
low-frequency averaged model. As a result, the novel averaged model which can reduce the low and
high-frequency circulating current simultaneously is developed. Using the zero-sequence component of the
novel averaged model, each total inductance to the circulating current of the three-phase coupled inductor and
line inductor can be obtained. Simulation and experiment results verify the usefulness of three—phase coupled
inductor in parallel three-phase boost converters.

Key Words : Three-phase coupled inductor, Circulating current, Parallel three-phase boost converters.

.M E W A B 2E AW E(Parallel Three-Phase Boost
Converters) = THE, ZEAY, 184, 22> AR/
Zz oz we AFS XL e, UPS
TOAIKA : sttty M7|Ho|MAZate M4 (Uninterruptible Power Supplies), Motor Drives,
E_; ijl 6 o(iiﬁyléﬁgz?nﬁg? ac. kr} - PFC(Power Factor Cor[{eg]:tion)% olg] S-gHofoA
E;*ZII;, ; 2FCH 7‘17|I1|01*”X4|-3—§f—'?'-ﬂ_’5_£—/: gl Sk Sl
1

Ha2R} 1 2010, 10. 26 A AIAF: 2010, 12. 6 SHARE efefsh e At M E A=A tEh
AlAteEZ @ 2011, 3. 10 = 7 2 EAEE 845 (Circulating Current)<]



ARl =g A A T 37 (Low-
Frequency Cu’culatmg Current)®} 31 F3p =344
(High-Frequency Circulating Current)® Y& 4 ¢l
t A Fu4 £3AFE AvHE Alold WA=
B (el gd s Aol FEH] xfo] )l oA
WASHA i, 3 FIg FEAFE Interleaved
PWM WS A&3t9S u 24 0}74] ot

:(m

He H(AC Source)¥hol] WS
AWE(EE)d +8E oY @& A8t
8 S o]H st HAASL A 2Elo]
ZdolE golof 317] witel HA Alx
A, v 58 Z7pA71 ol WEk fjo
FHow srdold s g
Ao} W Eo] Aot Ha 9\1]—4_[9 u

e e
N
)
2
O,
oft

— T
o 1o
o
=
=2 0

a2
v

ey 1
R

=

"

K

_1
L

_1

H
o
M=o
u
rlr
[>

' i
_1
&
¥
o
offt
1o,
ot
amd _m
N>

449l sEsle) Abgo] BrbE 43
d8 EAE ddstad 98 Axg
A% J9HE Frle] 1 FI¢ s34
el AkH A s, AA) A
H
Ak
i

=2 ry
S~
2
1193
£

Y > oy o et B do oy )
oX ml ox i JH

3G
54 Bajo] #7139 s,

}‘\jw\ol ﬁrsL 011:4}3 n q%

Lo,
i
r_>i

il
_>i
N

N
rjg
Ak
é
5‘,:
o

ofo o\ off

=] Inductance)S’Jr “E k=]
2(Mutu Inductance)ﬂ 47y A AR oI AFY
AU AYE AASAT T3t 7)E9 A Fa4
FAFE 9 Host mdo A AF AYHE
Vst 1 g SEAF A Fue SIEHAFE
SAll ARAZ 5 Qe AR EdE Ajtekdth
MES 2do] gGAAJRS o] g3hH, AHa)

O

o ey

o= €] 1, m o 1_]—7

El(Three-Phase Coupled Inductor)$} #}el <1dE

(Line Inductor)®] «#d7Fd st & JYH~E 7

Zy Fa vl = vk AR APAnE E

=z ¥HE A F2E ZAWEAA AMSEE A 2
3 JAYE e F84S A8

2. HE MA BAE FHH
HE A F2E 7AWY 32= a7 147 71HY

Coupled Inductors 1 o G e

=

Va

e

: i
5

L—= Y~
Coupled Inductors 2 L: Hg} Hg} Hq}
Converter 2
TOF 1 A ZE IGEIS EEE €Y A BAE FulE]
Fig. 1 Parallel three-phase boost converters including

three-phase coupled inductor

17 A¥E27t 359 948 @3 DC-Linkds 2t
. #E 2 Bae AWEdA AFEE Interleaved
PWMe W E17 7AWE29] carriers 180% ¢33
ol7F WAl sh= wWgelth o]z PWM wWHo] 714
= A2 AMYH1Y A7 2EY AWE29 AR g
Fol A= e, F dF gEo] Folete Zio]
t}. &}« Interleaved PWMel ol&f i1 Faj 43

AF7F BASHA Hed, L FIe SR &~
A ForY s FueE 2] wiel, 34
AA7IZ AAE 4 {ivh wepA, 1 Fag £33
5 ARAT7I7] fEiA 2709 A AF 19Tt
Ze] ZAWE dEdel] JdAHUL TFHF A9
ket o] vheRdT

by =i Tlpg =l Ty Tig = — (i(12 iy +i(;2) (1)
047]}\1 Zl[)g} Zh()‘—:‘ "ILZ} Xﬂ ‘er)']"}ll %%ﬁ%q— :ﬂ-

Fo 2@AFol,

E
that Yol NHA Coredl 7H7]
b, el AF7t

A A A9y Fxeolth A4 Q-@WAH A



262 VW EAE HCGE H1645 ZE35E 20114 61

Ves
+
N
ip
°
o/ <
+ ®
V(‘a N
o
° N
i -
V( ¢
+

aF 2 A EE olYE PX
Fig. 2 Three-phase coupled inductor structure

& AT A= F A He AL Aol =A%

pud

2

¢a = ¢(La +¢ba +¢m = pa(lN * ia +pbaN ¢ ia +plﬂN ° iu (2)

by = by T Oy T b, = PN ¢ Gyt ppN e Gt pgV e i, (3)

¢c = ¢ac+¢bc+¢at = pac]v. Za+pbc]v. ic+pajv. i(d (4)

o714
o, Y xZ B3 F AL
(blr :Ti%_] Xoﬂ fi_gl‘f‘ ;‘(_-ﬁ— ] ’]OH }\37] o
X2 Edste A%
¢, 2 xo B2 AR 8] 471, =Y
yvE S¥she AL
Pow  bn. ] permeance (FAHLE)
Py Py 9] permeance (FA%)
AA} Ad o dE 7} o)Al Al thal 714 sk
W, e ol ek 4 ek,
Ps = Pua = Pip = Pex 5)
P = Pab = Pac = Poa = Pre = Pea — Pob (6)

et A, g, @, 6 o T A (DY o] FH &
F ek,

Gt by TS =20, N + (i, +1i,+1,) (7)

)\]—/\1— 7ﬂ-61— o]E—]HO]]H )\1 (7)_8. jgaoﬂ /6]' o_E] UH ;q_
E(flux)o] TAsHA] FARE = HH % =
E(flux)o] LAFTH= A ot

A AT QAEEE B o) Al e A%
qe red

Ve ZLM%iaﬂLLab%ibJer%iC (8)
Vo= L’”c(ljt U+Lbbjtlb+l/h(,§t 1, (9)
Ve = L(a((]itza+L(b{11?L 1)+Lu(;if %, (10)

o] 71 A
L, 349 xol 93] A7 A7)
(Self Inductance)
L. 3 xo g3 A7j= A5
(Mutual Inductance)

rO
)
il
>

Ny
)
[

A A Y7 oA d(ideal) el SAtkar
s, thet o] veha 4 9)
Le :Lau :Lbb _L(’L (1n
Lm :Lab = ac:Lba :Lbc:Lal :Ld) (12)

upebA, 2p7] IgEzel Fs IYE s #A=
o3t 2ol AW 4 9tk

L’U'L :kC LS * L :k * L (13)
o17]4

oOAY AdEY 3 A%

2

4 (11)-03)
WA Q-0 theh

mlo
o
ofo
ol
el

3 olulE o] At

gol Al vebd 5 gl

—7 (1—)2, a
Ve, =L,(1—k,) dtZ”Jrk” L, prl) (14)

d . d .
VCbiLs(likc)El‘b—i_kc . LSEZO (15)
V&:Ls(lfkg)ii +k o Liz‘o (16)

s ° Sdt



d .
ial + k(:lL*"'lEZ(n
d [
ii 2 +kc2[’52$ 02
dt
17

d

R ERE:
dt

5 2 o0}
198 o] 7 4+ At}
(loop) A4S (17)-

i BB AN E oA

A o TT——
— k)]

L‘ (1 cl
+[L1+ 51

'+dalV:l("

(17]{02)]
+[L2+L52
~+d Ve

=

dzg I/:Z('
3

dzl I/d(’
3

wyg

5 7;]]—},:0” 9l

=2 9

7

EINELED

& A3

;EIL/J—

o] 7] A
7}

2wl <
=) ™ %\ < ol
0 ‘DM g Y < - TV
o5 o Vku =] -
! . e =~ MA_.U OE
B A dnu ‘WAI < 7o
) ] ~ ol , W T am_ W
™ O.|OA .Z..L + (Z\O M: S dﬁ Ia_/lL - ‘m 1ﬂm~l
s = d_d NES =<' I E d_ﬁ — ‘UI OI Eo
ES Te A ° 9 = oy N
SRIRSIES SRS = Ak + 8 T3 = W b
P = R GYGS < s = ts = M =z
did LQ ~ M.ﬁ . - I g = ~ - el X
S B - B o I e R + %o oy oM Zo
- o R 5 ) LEEE
=2 2 IS 9 ) B owr e K} <
. =|% sl = I = & 2 i aw W CNC
F =k = 3 T T d s s A 2 e
WG E T T oz oz oo 3 Ha E iy
R = - R g + hia )
e — — = ° @\ b I I & — N e
R — N B = g SIS S ) T B
} S RO E x° R i g W% =
= N ~N ~ W T o I SR > 6 ~ <+ KO
i + + ~N " TR S — alo + Bo oo
S ~ _ - ~o <0 go 3 ~ ~ au o —
S S+ e R o =
+1 H H N Y “ms ~ (S + M MM o T
2% SR < T Ty 5 s
+ VZ Vl + = = s ~NORD iy -
V41u M] M VJM X <& s =
T 3 3|7 ~ AT
+ = e P 5 o m___ﬂrun:wﬁmoATEEo
& N = I =3
e s = R o = [
N I Y] e oo g N ==
= T =a N oy = ooP 2 N~ =)
b N K] % o w5 M o B X
i oy L B > rkl do oy by
e) ~ it m q s .A_ A — T 0
M i B & W [ o T o {1
| o e %o EO g R o o o)
W o o _u_._ ! ad T KR L & Ko ~o mypo oW B o T = AR
il . . . LR EO5 3 E MU e
o N R ) %ﬂﬂaﬂﬂa% S =il R
) £ | Mo | N rk Hﬂqé%ﬁr% - oW 3 ﬂ@ﬁoﬂﬂ
Wy e |« 0 Hﬁﬂ_uouumd. o ow A m_ﬁliﬁmﬂﬁl
’ 22 TVIRs ° T T g
e 3o T w Juoml%%% B Pl E T
%0 G5 T = ] [} N IS S iy nE
<0 o B A_ kS [ 5 E_ w = o ‘mu:.‘m M_W uAuO TR T = lro \A* 1u.u-0 N Z.t AT )
oy m o5 E E IR GRS = 3k R
-5 48 = ] o T ﬂxﬂo]dr o5 < oo W N
T X I W._%w. —~ . pif ﬁn#,moﬂﬂ;lo VﬂmLoEloﬂdﬂ NrOJuL N < b
PN 88| 3 AN wl 20 X°w BB E TH a___%xuru.
£} w2 - , 2 | No _ <0 ~n T | g o TR oo ™ _— B (-
.4.0|:.; g 8o | | N < M_”_,Aﬂ HLHO#EJ:.‘/;A nor Haaﬂﬁﬂowuﬂlﬂﬂ
ﬂ_,_\mm#w .Lm..m (Lw o+ aEmEﬂoqm%ﬂﬂﬂmﬂﬂo%oA oI,mo,WNru_w%L,.rx_&l
N o T o o - ul . n B ° — o 11} ° — T
REPE gt 30 %q%ﬂ%wmlﬂﬁﬂw wﬂ%%a%z
71rLH = . <0 I_EBQQJﬁMEHU.m Z%ﬁam@ﬂﬁ
o 38| o ol o 2 o T W B N R o)l
N - @ o E 3 L m ki T e oL TR T = 0 < <0 o
L] — i O
I - | &= 4 ¥ RE Zo ) R chwc T =
0 — 1e LS No | W < -3 m_._HCﬁLHTDE
A0y 8 | m D
o) T N
o =5 N
5
T T




264  EPNE EAE SRCGE H164 FE35E 201148 61

Iﬂl, L(1-k) L,

Iy Ly(1-k.) L,

Lo(1-key) Ly

Loo(1-key) L

Lo(1-key) L,

Lo(1-key) L

1, del

- Vi
durlVae )
d il ALt lptL)f3
* —-—
dufla | dfl
& Val3 0

I

de2

dtly dooALax 4 2)/3
kerLs: f\ A
dufle | dfle

OB 3 ME2 WY MY RAE 7 HRe oY

Fig. 3 Novel averaged mode! of parallel three-phase boost converters
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