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A Study on Linkage Control between Distributed Generation
and Power System Network Based on Passivity Characteristics™

Masataka MiNAMIT and Takashi HIKIHARAT

This paper investigates a linkage control between distributed generation and power system net-
work based on passivity characteristics. The proposed control focuses on the stored energy in induc-
tors and capacitors for the system. It is numerically and experimentally clarified that the passivity-
based control has a possibility of tracking target state with respect to disturbance input of power

system network.

1. 0OOdo

ooboooooooooooooooooboonoo
ooboooobboooobooooooobobobooooon
0000000000000 00ooD0oD 140000
oobooooobooooooobobooooboooood
ooooooooboooooooboooooboooood
oooboodoobooooobocooboooooooooa
ooboooobobocoooboooboooobobooooooo
ooboooobooooboocoobooboooooooooa
obOoboobooooocboooOoOoobOooOobobOOooboo
ooboooobooooboocoobooboooooooooa
ooobooooobooooobooobooooboobooooog
ooboooobooooboooobobooooooooog
DC-DCOOO0ODODOOOODOOOOOOOOODODOOD
ooboooobooooooobobooooooooooo
oobooooboooooboooooooboobobooooono
ooooooobooooboooboooobooooog
oooooobooobooooooobooboooobooo
ooboooobooooboooobooooooo

oobooooooooobooobooooooooobooo
ooboooooboooooboobooooooooood
000 0000000000000 D000OO. OO

0000020110 120 140

0000000 000000 Graduate School of En-
gineering, Kyoto University; Kyoto-Daigaku-Katsura,
Nishikyo ward, Kyoto city, Kyoto 615-8510, JAPAN

Key Words: passivity, DC-DC converter, inverter, dis-

tributed generation, energy.

gbobobobobooboboboboboboon
gbobobobobobobobobobooooo
0000000000 0ooOOoDoOOoOoDBooooo
00000000000 plDboo00ooUoooDO
gboboboboboboboooooooooooo
gobobobobobooboboboboobooooo
gbobobobobbooboobooboobooooooo
goopoboobbooboooboooboobobo
gboobobooboboobobooboboobo
van der Schaft 0 0 000000000000 OOOO
000000000000 Lie000Oo0oOoooood
00000000000 [7J000 00 Slotine 00 [8]0
Ortega0 0 9000000 DODO0OO0DODOOODOOO
gobogoboooooboboobobuoobboon
oobDC-DCOOO0O0O00OODOOUOOOOOUOOOn
0000000000 00Sira-Ramirez0 00000
OO0 [10[00000O0rtega0 D0 00DODOOODO
D[11][|[||]DDDDDDDDDDDDDCHI{DDDD
0000000000 (1200000000000oo
0000000000000 0OoD(BooDoDoooo
gobobobobobobobobobobobobo
gooogoo
goooooooooooooobooboooogooo
gobobobobobobobobobobobobo
00000000000 PLL (Phase Locked Loop) 00O
0000000000000 DOoD0OooooO [14-16)
goboooboobboobboobbooobbooo
goboobooboobooboboobboon



258 gboooboooooooobooo

25000 10 00 (2012)

Distributed
Power Source I

Linkage Reactor

Yinv

_/\/\/\/_/V_\f\ Power System

Riink Liink Rioad

o | S (EjT

Load

Fig. 1 Configuration of distributed generation, boost converter, and linkage inverter to power system network

2. JobOOOObOO0OO00oooooob
gbooobobooobobon

gobogboobboobboobbooboon
goboooboooboooboobboobobbd
gogbooooboooboboobboooboobbd
ggboooobooobooobooobooobobog

21 0OO0OODOOOOO

ooooooojoobobbo0o0oooooooooo
ggooooboooboooobooooboooobg
gogooooobooooodg

D000 xzeR"0000 uly eR™ (nOneN) OO
gbobobobobobobo

do y=h(z,u) (1)

E:f(wfu’)u
DO0O00f:R"xR™—=R", h:R*"xR™ —-R™ 00
00000000000000000000000
t
Ivmmy:/gﬁwhmmmmmmmmlﬂw@yR"H

to
RZOZZ{LL‘GR::L‘ZO}DDDDDDDDDDDDDDD
ooooobobooooooooboooooooooo

H(z(t)) < H(z(to))+ W (to,t), Vt>to, Yu (2)

0000000000000000000 w0000
0000000000000 00000000000y
000000000000 0000000000000
000000000000D000000D0000000
000000000000D0000000000000
0000000000000000000000000
00000D000000000«000000 [17]00
00000000000000000000100000

000000000000000000000(2)00
000000000 dH/dt<yTw0000000000
Ou=—Qy(Q>0)0000000dH/dt<—-y"Qy<0
0000000000000000000O0OO0O0ODn
00000000D00000000000000000
0000000000000000000000000
0000000000000000000000 H,.O
00000000000 dH,/dt<000000000

oooooooooobooooooooboooogoooon

2.2 JO0O0OODOO

goooobooboobobbbbbbbboooooo
O0OO0O0OFiglO0O0O0OOOOOOOOOOOOODOO
gooogoooooooboobboooogoooo
gobooobbooobobdUdwpOup DOOODOO
0000 i=1Iy(exp(v/nur)—1) 0000000000
oooobobbogpUeOUoibbbooooooogog
0000000000000 D0DD0OOO g e{0,1}0
¢:€{-1,1}000[18000000000000000
goooogo200b0000o0ooooooooon
0000w, 0000 f,,00000000000
PWM (Pulse Width Modulation[19]) D0 00000
gbooboboobobooboboboobobob
Fig.1O0OOOOODODOOOOOOODODOODOODO
000000000000 L), +L,,0 CLpp 0000
0oooooog f.O LPF (Low Pass Filter) 00 O
goboogboboobooobooboobbooobo
goobbobobooooobbooboboboooooo
goboooboooboooboboobbooobobga

0 Fig.1000.
diy, .
LE = Es—vp1—(1—aq1)(ve +vp2) — Reir,
d’UC
C— = (1—qq)i, — g2t
ar ( CI1) L —q2%r1
’ ditrl = gove — itrl _itrQ _iM _R i
trl dt 2UC Gtr trlltrl
ClZM Z‘trl - Z.tr2 - ZM
M,— = "F—F—= = 3
tr dt Gtr ( )
digro Ttr1 — 42 — IM .
L:;rQ d; = i G:r — Vinv — Rtr2 Lr2
duy ) .
CrLpF dl;w = %42 — finv
d; .
Llink% = Viny — Vlink — Mlinkliny

ooo002100000 «0y000000000000
0obquobObooobooooooon

u = [Esavlink]Ta Yy = [iLa_iinV]T7 q = [q17q2]T



0o0o00ob00o00o00oo0boobooooooooooooogno

259

OooOoTOOOOODOODOO0ODEODO0O0O000vnk0O
ooboooobooooooobbo««000000000

. . . . T
T = [ZLWC7Ztr1,lMaZtr2,Uinvﬂinv]

23 000000

gobogboobboobboobbooboon
gooobobooboboobuooooboboobbbbod
oo0ooopooo0ooooo HOODOoooooood

1 . . . .
H:= 5 {in +CvE+ L i+ Myiy + Liging

2 2
+CLPFVy + Liinkify }

(4)

DDDDDDDDDDDDDDDDDDDDDD(4)D[I

EJ[II:II:II:JD(S)DDDDDDDDDDDDDDDDDD

dH (1)
dt

= Egir, + Viink (—inv)

—vp1ir, — (1 —q1)vpair, — (ier1 — itz —in)? /G
— Ryinkis (5)

mv
ooooooloooooooOobooboobooboooooo
oooooooooo2, 30000o0o0oobo0ooooo
oooobooooooobooooooobooooooon

2 2 2
—Rsit, — Rir10gq — Rix2liyo

H(t)—H(to)z/tdg—f)drgW(to,t) (6)
W(to,t) = /t{EsiL +vlink(iinv)}d’r (7)

gobooboobboobbooboooboobobd
0000 (6)000000D0obO0oooooUooUooO
goooobooboooboboobobooboonoo

24 000000

00000000000000000000000
000000000000000000000000
0000000000000000000000000
0[20,21]000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
000000000000000000000 PLLO
0000000000000000000000000
0000000000000000000000000
00000 [22000000000000000000
0000000000 PLLODOOOOOOOOOO
0000000000000000000PLLOOODO
0000000000000000000000000
0000000000000000000000000
0000000000000 ([1400000 (15000
0000000000000000000000000
0000 [14,1500000000000000000
00o0O0000 [16]0

00000000 [16)|00000000000000

coooboooooooocoooooooooooooo

dainv
— (8)

= —/—UC — W
dt ¥ VC 0

C

00006, 0000000000y 00000000
000v00000w00000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000(3)00000vc 0000000 guig1 000
0000000000000000000000000
000000v0000000000w 0000000
000000000000D00000000000000
000000000D0000000000000 (8)0
0000000000000000000000000
00000000000 ([16000000000002.2
00D00000D0@3)00 (8)000000000000
Sy 00000000000000000000000
000000000000000«0000000000
Sny010000000000000000000000
000000000006, 000000000000
0000000000

2.5 00000O0O0OO0O0OOOOOOOOOn
gdoobooooboooouooooooooboon
gdoobooboououoooooobouoouoooa
go0oooooooooboooouoooooooon
goooooooooooooooooooooooo
gdooooodoboooooobooboouod e
goodoooooooobww,yoooooooooad
Jdddd0d0o0o0o0ooOoooooooo 3000oo
0000000 «00o0bodoobooooboooonoo
oodoooo0OO00000oooDo00 H.ooooooo
ooooo

H,: %{L(iLfii)QJrC(vc7v6)2+Mtr(iM7i§4)2

+ Ly (e — i2‘r1)2 + Liyo (itr2 — i;;kr2)2

+CLPF ('Uinv - Ui*nv)2 + Llink (iinv - Z-;knv)Q} (9)

DDDDDDDDDDDDDHe|:||:|(3)|]|:||:|[||]|:||:|
ooo HD(4)DDDDDDDDDDDDDDDDDDD
00000 H.OOOoOooOoOoOooooooooooo
000000000 H. 000000000 H, 0000
gfoo0ooooboooooboooooboooooooono
0000000000000 H.OODOooooooo
= Rl —i0) — Rust (i — )’

—{(ir1 — w2 — ing) — (i1 — 52 —i3) }*/ G

— Riintc (e — 15y)? — Rira (itr2 — )"

— (i —i1,){(vp1 —vDH1) + (vp2 —vDHo) }

— (finv — %fny) (Vtink — Vfink)

+ (i, —i1,) (1vD2 — 1 VD)




260

000000000000000 25000 1000 (2012)

(@ —g){ve(in—ir) =it (ve —vg)}
+(g2 = ) {ve (i — i) =i (ve —ve)} (10)

(10)poo1,2,3000000000000000DO
gooooo4poo000000obobooooooogd
ooooobooobooobbooobDOoooo a0
ooooooooobooboboooboooonoon
oooooooooboooooboooobooooooa
0000000000 00Fig. 10000000000
Vink =Vac =2, 0000000000 000000
600o0O0OO00O0O0O0OoOOoOOoOO0OO0OobOOoonOO
ooo0oo0OoO0oo00oo0O0oo0Oo00Oo00o00o0g,, 000
ooooobooooboobobooooboooobooon
ooooooooobooboboooobooooobooo
r,. 0000000000000 O0O0O0OO0O0O0O0O0O
goodooooooooobooobooobobobboboo
gUO0O00oooooooooopPwWMOOOOOODOO
ooooooooooooooooooooooPWM
0000000 w (u,ue 0O0ODODODOODOOOOO
ooooooDoPWMODOOODOO)ODDOOOD
000000 (ug —uf){vs(iL—1if) =i (ve—v&) 0O
0 (2 —08) {0 st — i) — s (v —v8)} DO OO T
gobooobobobobooooooobooooboo
000000000k >0,k>0000000
ur =y —ki{vg(in —it) —ig (v —ve) }

ug = uy = ko {06 (i1 — i) =it (Vo —ve) }

(11)
(12)

000000D000000000000000000
00 H.OO0O0DOOO0O0000000000000000
00000000000(11)000004, 00000
0000000000000000000000000
000000004, 000000000000000
O0vwe0000000000000000000000
00000000004, 00000000000000
O0000R 0000000 000000000(12)0
000004 000000000000000000
000000vwO00000000000000000
0000000000000000000000000
Ok, kDOODODODOOOOO0OOO0O0000000O
000000000000000(11)0, (12)0000
OOPWMODOOODOOOw«wDOOOD00010000
000000000000000 141VO008A0DO0
00000000000 kO 0.009 (=1/(141%0.8)) 0
0000000000000000000000000
00000000000000000

3. oogo

0000000000000 v, 000000 Gy O
gogbboooboooboooboobbooboog
gogbooobooboobboobboobboon

0000000000000000000000000
00000000000000000000000
0D00000000000000000000000
0k,k,000OODODOOOOOOOOODOOODOO
00000000000000000000000000
Table 10 0000000000000
3.1 (11)0000D0DO00O0DO0O0OOOO
oQ
00000(11)00000000000000000
0000O000000Fig.20 e 0 ¢=0.10000
—07—-00000000000(11)00000000
0D000000000000000000000000
00000000 (DutyD)w, 00000000000
0D000000000000000000000000
0000000000000000000000000
0D000000000000000000000000
0D000000000000000000000000
0000000000 (;o000wv)000000000
00000000 (Jin) 000000000 ;000
0D000000000000000000000
00000k D00000.000000000000
OO0O0Fig 2()00000000 k, k000000
0D000000000000000000000000
0006, 00000000000000000000
0000000ve0000000000000(3)00
000402 0000000000000000000
iL0vc0000000000000000000000
0000Fig2000000000000000(11)
000000000000000000000000
ik 00000006, 0000000004, 000
v¢c0000000O0(11)0000000000000
00000000004,00000 000000000
000000000000 Dutyd v, 00000000
0000000000 kK O000000004,0000
0000000000000000004. 000000
D0vw000000000000000000000
0000000000000000000O0ve0000
(8)00000000000000000 6, 0000
0D000000000000000000s00000
0000000000000000000000000
0000000k =0.00000002s0000000
0000000000000000000000000
00k =0010000000000000000000
00000000000k 0000000000000
00000000000 0000000000000
000000000000 0000000000000
0000000000000Fig.2000000000
0D000000000000000000000000
0D000000000000000000000000



0o0o00ob00o00o00oo0boobooooooooooooogno

146.0 4= 16

146.0

<>
~
£
9]
Hx

: 14
10§ Y 1440
w20 10 142.0
-0
w004 06

i
[EE L 04

1400

VOLTAGE / V

CURREN'
VOLT.

138.0
136.0 +— 0.0

136.0

L 1460 3 16

: 14
o ! 12
20 ¢ 10
< 08
100§ 06

! k3
[EE I L 04

ve —— F 02

0.665

0.665

136.0 +— 0.0

0.660
0.655
0.650
0.645

0.660

DUTY
DUTY

uy

0645

0.665
S 0600
B s
50655
2 0650

uy

0.6 4 - - - 0.6

0655 J\/\/\/\/\m
0.650 |

0.4 0.4
02 02
0.0 0.0
0.2
0.4
0.6
0.8

02
04
-0.6 Oy ——
08

PHASE / rad

PHASE / rad

06 3— Sy ——

0.0 0.5 15 2.0 0.0 0.5

1.0
TIME / s
(a) k1 =0.000, ks =0.000

Fig. 2

1.0
TIME /s

(b) k1 =0.005, ks =0.000

15 2.0 0.0 0.5 15 2.0

1.0
TIME /s

(c) k1 =0.010, kz = 0.000

Transient behavior of inductor current iy, capacitor voltage vc, duty ratio ui, and phases dink and diny at (a)

k1 =0.000, k2 =0.000, (b) k1 =0.005, k2 =0.000, and (c) k1 =0.010, k2 =0.000 in numerical calculations

16 146.0 4= 1.6

14
T

14
1440 s
10 =y
£ 08

142.0 1.0

£ 0.8

4

S

140.0 X

06 22 0.6

04 = 04
O 138.0

02 02

0.0 1360 - 0.0

16 146.0
14
= Ly = L0
~ —
= 10 sm 1420
2 tos £2
S 06 ES 140.0
I 04 29
B3 0= 1380
02
00 136.0
0.6
3 T 04
= =02
—~ —
00
2) Pﬁl 02
= = 04
& 06
0.8

0.6

04
02
0.0

0.2

0.4

0.6

PHASE / rad

0.0 0.5 1.0 L5 2.0 0.0 0.5

TIME / s
(a) k1 =0.000, ks = 0.000

10

TIME / s

(b) k1 =0.000, ko = 0.001

0.8
L5 2.0 0.0 0.5 1.0 L5 2.0

TIME / s
(¢) k1=0.000, ko =0.010

Fig. 3 Transient behavior of inductor current ir,, capacitor voltage vc, and phases dink and diny at (a) k1 = 0.000,
k2 =0.000, (b) k1 =0.000, k2 =0.001, and (c) k1 =0.000, k2 =0.010 in numerical calculations

Table 1 Values of parameters

FEs 51.2V  Rii1 = Rie 1.66 Q2
C  10mF L,,=L,, 0.88mH
L 25 mH My 660 mH
R, 15Q G 460 uS
Vopt 141V Cror 10 uF
Iy 700 nA Liink 87mH
nvr  0.05V Riink 72.8 m$2
fi 18kHz fo 6 kHz
fe 1.2kHz

ggoooboboobobooboboobboobobog
obo0q0b00b0000b0oboboobooboobooo
ggboooobooobooobooobooobog

3.2 (12)00000000O0000O0OO0

00000000000 Fig.30 80 t=0.100
00 -07—00000000000(12)000000
00000000000000000000O0O00000
Fig. 3(a)0 Fig. 2(a) 000000000000000
0000000000000000000000000
O0000000Fig3000000iL, ve 000 Gy
0000000000000000000000000
00000000000000000D00000000
00000000000000000000000000

-5 =

0000OFig.4000000000000000 PWM
0000w, 0OO0O00000 vy 0000000 usO
k,=001000000000000000000000
000000000000000(12)00000 %, 0
00000000000 00#, 0000000000
0000000000000000000(12)0000
000 kL D0DO0O0OD0O0OO0OD#W, 00000000000
00000000w 0000000000 00000
0D0006kHz0ODOOOOODOOOODOODOOOO
0f0000000000000000000000O0
0000000000000000000000000
0000000000000000000005%00
0000000000000000000000000
00000000k O0000000000000000
PWMOOOOOOOOOODOOO0OOO0O00O00O ke O
0D0000000000000000

3.3 (11), (12)000000000

00000000000 0Fig 50 ky =0.005, ky =
0.001000 (11), (12)000000000000000
00000000000000000000000000

4. 00oO0dd

coboooooboooboobooooooooon
oobooooboooooooooooooooooon
cooooobooooobooooooobooooogd

CURRENT / A

CURRENT / A



262

000000000000000 25000 1000 (2012)

0.4

0.8 4 0.2
\ 0.0
0.41%,
0.2

0.0

0.4 1 W

d
ky=0.010 — |
ky=0.001 ——
ky=0.000

-0.8 4

10.0 15.0

TIME / ms

Fig. 4 Steady state of the reference signal us in numeri-

5.0 20.0

cal calculations

146.0

16
14
12
10
0.8
0.6
0.4
0.2
0.0

04
204 !

100

VOLTAGE / V
CURRENT / A

JESYE I

136.0
0.6
0.4
0.2
0.0

-0.2
-04
0.6
0.8

PHASE / rad

Siny ——

0.0 0.5 1.0

TIME / s

Fig. 5 Transient behavior of inductor current ir, ca-

1.5 2.0

pacitor voltage vc, and phases dinkx and diny at

k1 =0.005, k2 =0.001 in numerical calculations

Smoothing Capacitance

Fig. 6 Experimental system

ggboooboogobuooobobooobooboo.

4.1 0O0OOO

0000000000000 FigeODOOoOoooood
O000OFig. l0D0ODODODOODODODODODDODOO
0000000000000 0SPW47N60C30 infineon
gooooesovVoOoDooooooooooooooon
O000000STWI13NK100ZO STMicroelectronics
Jooooi1oovooooooooooooooood

obooooobobobooboooboobooboooaon

oooooboooobooooooobooooboooaon
ooO0og8s4l0oooooooil2o0o0o000o0o0o000
oooo

4.2 0000
ooooo3aooo33boboooouoboboononon
0000000000Fig 70 (11)0DOODDODOOO

0000000000 00Fig 80 (12)0000000
000000000000000Fig 70000000
000k 000000004, 000000000vc0
0000000000000000000000000
0000000000000000 Fig.2000000
0000000000000000000000000
000000000Fg 80000000000 k00
0000000000000000000000000
0000000000000000Fig3000000
00000000000000000Fig 900000
0000000000 PWMOOOOwO0OOOOO
00000000000 w0 k,=0010000000
0000000000000000000000Du,0
0000000000000000006kHz0000
000000000000000 f,000000000
00000000000000000000 k000
0000000000000000000000000
Fig. 100 ky =0.005, k, =0.001 000 (11), (12) 00
0000000000000000000000000
0000000000000000000000000
oooooo

5. gogd

cobooooooooooooooooooboooono
coooooboooobooooooooooooboooon
cobooooboocooooooooooobooooboooo
cbOoooboobooooobOOooobooooboooooo
ooboooooo:O0000000000000000
cooooooobOoooooobobooobobooooba
coboooobobooooOoooooboooooooooa
O000o0o0DoOooo0Dooo0ooo0O0Odk =0.005
cobooooobooooooooooooooooooo
ooooooobobooooooooboooooooooo
coboooooooooooooooobooooobooo
cobooooobobooooboooobooboooooobog
ooooooooboooobooooooooboooooog
ooooooboooooboooboooboooboooo
ooooopoooooooooooooooooooDo
oooooooooooooooooooboooooon
cooooooboooboooooboooooooood
cooooooboooooooboooobobooooog
coooooooooo

U U

ooobooooooooboooobboooboogo
obooobooobOooboboooboobooDbOoo
ooobobobooobooooobD ooooogo
02000000 JFEODOO (0)0DODOOOOOD
cobooooboboooooooooooooooooon
OooocCoEdOODOoOooOoooooooonon



0o0o00ob00o00o00oo0boobooooooooooooogno

144.0

142.0
140.0

138.0

VOLTAGE / V

136.0

1340

0.670

0.665
0.660

0.655

DUTY

0.650
0.6

0.4
02
0.0

0.2

0.4

0.6

0.8

PHASE / rad

0.0

Fig.

144.0

0.5 1.0

TIME / s
(a) k1 =0.000, ks =0.000

144.0

142.0
140.0
138.0

136.0

1340

0.670 4
> 0665 . uy
o ;
50660
a

0.655

0.650
0.6

0.4
02
0.0

0.2

0.4

0.6

(b) k1 =0.005, ks =0.000

0.5 1.0
TIME /s

0.8

15 2.0 0.0 0.5 1.0

TIME /s

(c) k1 =0.010, kz = 0.000

2.0

Transient behavior of the inductor current ir,, the capacitor voltage vc, the duty ratio u1, and the phases dinx and
dinv at (a) k1 =0.000, k2 =0.000, (b) k1 =0.005, k2 =0.000, and (c) k1 =0.010, k2 =0.000 in experimental system

142.0

140.0

138.0

VOLTAGE / V

136.0

134.0

0.6

04

PHASE / rad

1.0

TIME / s
(a) k1 =0.000, kz = 0.000

2.0

1.6
14
1.2
10
08
06
0.4
02
0.0

144.0

142.0

140.0

138.0

136.0

1340
0.6
04
02
0.0

0.2
0.4
0.6
0.8

PHASE / rad

16 144.0

1.6

14
142.0
1.2

1400 1o

08
1380 0.6
= 0.4
136.0

02

134.0

0.0

0.6
04
02
0.0

0.2

0.4

0.6

PHASE / rad

0.0

(b) k1 =0.000, ko = 0.001

1.0

TIME / s

0.8

2.0 0.0 1.0

TIME / s
(c) k1 =0.000, ks =0.010

2.0

Fig. 8 Transient behavior of the inductor current i1, the capacitor voltage vc, and the phases Ounk and diny at (a)
k1 =0.000, k2 =0.000, (b) k1 =0.000, k2 =0.001, and (c) k1 =0.000, k2 =0.010 in experimental system

Fig. 9

VOLTAGE / V

PHASE / rad

Fig. 10

1.2

0.8 §

.
0.4 1%

ky=0.010 — |
ky = 0.001 ——

ky=0.000

10.0

TIME / ms

15.0

Steady state of the reference signal us

mental system

144.0

1204
1400 §
1380 {
13604

134.0

0.6

0.4
0.2
0.0
0.2
04
0.6
0.8

0.0 0.5 1.0

TIME / s

1.5

Transient behavior of inductor current i, ca-

2.0

gbobobobooobooboobooooooogooo
oooONICTOOOOOOOOOoOOoOoooooDOO
goboooboooon

[1]
20.0
2]
in experi-
3]
v <
[4]
0.6 g
B
" 15
(6]
(7]

pacitor voltage vc, and phases diink and diny at

k1 =0.005, k2 =0.001 in experimental system

oogao

00000o0o0O0o0o0ooo0ooooooOoooooo
00000 BOVol. 1260 No. 100 pp. 964-968 (2006)
goooooboooboooobooboooboo-gogog
00000o00o0-go0o0ogn20080 400 dpp. 11-15
(2008)
oooo0oo0o0ooOo0ooUoOoooOooooooOoO
000o0oooooooooooo B, Vol 129, No. 4,
pp. 491-494 (2009)

00000 00000o0ooU0ooooooooooo
20100 400 O pp. 7-10 (2010)

C. A. Desoer and E. S. Kuh: Basic Circuit Theory,
McGraw-Hill, chap. 19 (1969)

M. Takegaki and S. Arimoto: A new feedback
method for dynamic control of manipulators; Trans-
actions of the ASME, Journal of Dynamic Systems
Measurement, and Control, Vol. 102, No. 3, pp. 119—
125 (1981)

A. J. van der Schaft: Stabilization of Hamiltonian
systems; Nonlinear Analysis Theory, Methods, and
Applications, Vol. 10, No. 10, pp. 1021-1035 (1986)
J. J. E. Slotine and W. Li: On the adaptive control
of robot manipulators; The International Journal of

CURRENT / A

CURRENT / A



264

000000000000000 25000 1000 (2012)

Robotics Research, Vol. 6, No. 3, pp. 49-59 (1987)
R. Ortega and M. W. Spong: Adaptive motion con-
trol of rigid robots: a tutorial; Automatica, Vol. 25,
No. 6, pp. 877-888 (1989)

H. Sira-Ramirez, R. A. Perez-Moreno, R. Ortega and
M. Grcia-Esteban: Passivity-based controllers for the
stabilization of DC-to-DC power converters; Auto-
matica, Vol. 33, No. 4, pp. 499-513 (1997)

R. Ortega, A. Loria, P. J. Nicklasson and H. Sira-
Ramirez: Passivity-based Control of Fuler-Lagrange
Systems, Springer, chap. 6, 7 (1998)

T. Hikihara and Y. Murakami: Regulation of par-
allel converters with respect to stored energy and
passivity characteristics; IFICE Trans. Fundamen-
tals, Vol. E94-A, No. 3, pp. 1010-1014 (2011)
oodobooooooooooboobobobooood
0oooooooboooooboooboono oooo
0o0o000oOoo0oo0dnD OooO0 EE, Vo. 107, No. 330,
pp. 23-28 (2007)
0000U00o0oo0oooooOoooooOooooooo
0oooooooooooo ¢, Vol 69-C, No. 11,
pp. 1458-1464 (1986)
oooboooobobooobboooboooboooon
0000000 D, Vol. 115, No. 12, pp. 1448-1455
(1995)

T. Hikihara, T. Sawada and T. Funaki: Enhanced
entrainment of synchronous inverters for distributed

[13]

power sources; IFICE Transactions on Fundamentals
of Electronics Communications and Computer Sci-
ences, Vol. E90-A, No. 11, pp. 2516-2525 (2007)

R. Ortega, A. J. van der Schaft, B. Maschke

and G. Escobar: Interconnection and damping as-

[17]

signment passivity-based control of port-controlled
Hamiltonian systems; Automatica, Vol. 38, No. 4,
pp. 585-596 (2002)

H. Sira-Ramirez and R. Silva-Ortigoza: Control
Design Techniques in Power FElectronics Dewvices,
Springer-Verlag (2006)

D. G. Holmes and T. A. Lipo: Pulse Width Modu-
lation for Power Converters, IEEE Press, chap. 3, 4
(2003)

0000000000000 0000o00 oooo (o
00000pp. 168-174 (1970)

0000000 ()D0O0D000pp. 270-276 (1973)
Jo0oooDoo0oooo0oooDbOddpp. 146-147
(1999)

U U

00 1. 000000D0ooooooo 7]

gogboooboobboobbuoobobooboon
ggboooobooobpooboooboobboobo
0000000000000 0000000Fig.A1D 1
ggoooobooobuooobooobobooooobog
gbobobobobobboobobooboboooo

circuit
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