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Abstract

This paper studies the analysis and stabilization of the paralleled dc-dc converters
(PDCs). First, we consider the nonlinear dynamics of a simplified model of multiple-
input PDCs. We apply winner-take-all (WTA) switching for phase control method.
WTA switching can realize multi-phase synchronization automatically. However, as
parameters vary, this system exhibits a variety of periodic/chaotic phenomena. In
order to analyze system dynamics, we adopt a piecewise constant modeling, extract
essential parameters in a dimensionless circuit equation and derive a hybrid return map
(HRM). We then investigate typical bifurcation phenomena and analyze multi-phase
synchronization, hyperchaos, complicated superstable behavior by HRM.

Next, we apply two kinds of switching rules for single/parallel dc-de converters.
In the single system, we derive a piecewise linear phase map and analyze precisely
for periodic/chaotic behavior. We then clarify the stabilization of a fixed point for
the parameter. In the parallel system, we clarify the region of stable multi-phase
synchronization for the parameter. We can realize that the stable operation is always
possible by the proper use of switching rules for the wide parameter region.

Finally, we present a simple test circuit, typical operations are confirmed experimen-

tally in the single/parallel system.
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2.3 Hybrid Return Map
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A 1) — j
% (n+1) { —1 otherwise
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O00:b'>100 {Class A, Class B} 000! <100 { Class C, Class D, Class
E}DD00D0025Class BOO EOODDODOODDOOD (o =000)00 260

gog

20



Typel Type 2 Type3
11: :1:

Type 4 | Type 5

023 5000000000.
Type 1,2 and 300 s;(n) =—1 (¢j(n) > 0)0Typedand 5 00 s;(n) =—1 (&;(n) <0)0
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1xl(n+1) B

@lg [ %

0 x,(n) 1

(b)

0 x,(n) 1

x,(n+1)

(c)

0 x,(n) 1

O 2.4: Hybrid return maps O 3D plots (N =3 and a1 = ap = a3 = a).
(a) Stable 3-SYN for (a=1,b671) = (1.5,3.3), (b) Unstable 3-SYN for (a1,b7!) = (6.6, 3.3),
(c) Hyperchaos for (a=',b71) = (6.6,3.3).
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d Sse[D)

d sse[)

1xl(n+1) x,(n+1)
o— Bl
B2 BZ
Q
7
B, Q
B4 4
0 x,(n) 1 0 x,(n)
1xl(n+1) x,(n+1)
®!
B, 5
=
B b, B3, By

0

x,(n) 1 0

025 HRMOOOOOO.

Class B: (a;',07!) = (0.8,3.3).

)
Class C: (a7',b71) = (1.5,0.8).
Class D: (a7, b71) = (0.9,0.8).
Class E: (a7,07) = (0.5,0.4).
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o 3 6 9 T

026: 00000000 (N=3,a;=ay=a3=a).
~1
b

(a) (a] ; 1y =1(0.8,3.3).
(b) (a1 b1) = (1.5,0.8).
(c) (al_l, 1) =(0.9,0.8).
(d) (a7, 671 = (0.5,0.4).

() 00 (d) 00250 ClassBOO Class EODOOOOOO0OOOM) O (¢)00 21 0 23
0000000 =10 220 2300000000 DCMOOOOOOOOOO
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24 PDCsUOUOUOUOOOOO

0000 HRMO 3-DPlot 00000 0OO0OO0OO0OOOOOOOOON =30

gbobobooggbbobo 3t lggbbobuoooobobuooan

241 0000 a;=a 000 (CCM)

0000 ey=as=as=a,b'=33000¢00000000000000000
000000000000000000000000000000000000000
02700000000 2,00 2300000000000000000%, 00 a3
00000000000000280000000000000000000000
z100 230 HRMOOOO ¢ ' 00000000000000 r=n000000
0000000000 3-SYNO ' 0000000000000000000000
HRM O B, 00 —p;=—b/a 0000000000000000000 a'=b"'0
000B, 0000 p;<1(027()00 1<p; (027 (b)0000000 3-SYN
00000002800000 3SYNO e '=6"1=33000000000000
00000000 ' 0! 0000000000000027(k) 00000000

CCM O 0O Hyperchaos 0O O0ODO

2.4.2 0000 a;j#a 000 (CCM)

0000000000 o' =a'=15,b1=3300000300000000
¢;' 0000000000000000000000000300000000000
00000000000000e 030000000000000000 V3000
00000000 ¢ 00000000000000000 v%00000o0ooo0o
00000002900000 3-SYN (D27 ()00 ;' 00000000000
000000000029 (a) 0 HRM O 3D Plot 00 2.2 (¢) O Distorted 3-SYN [

goobooodon
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HRM 0000 f, 00 f3, 0000 By, By, By, B 00000 Class A 0000
¢;' 0000000 /40000000040 £,00000000000000;0
a;' >0 000000000000 230 2000000 WTA Switching 0000
000 3-SYNOOOOOOOOOODODOO29((b)00000000

0210() 00 (¢)0 2,00 23 00000000000000000 2,00
0 HRMOOODO ;' 0000000000000 r=n00000000000
D0e;' 0000000 3-SYNOOOODOe;' 0 b 00000 CccMOO0O0000
O00e;'>b"'00 HRMO CCMOO00000000000002;00000 B,
000000 (ps>1)000004, 0 2,00000 B,000000 (py=ps<1)
0000000000000000000 2;000000000000p,0 p01
0000000z, 000000000000 WTA SwitchingDOOODOOOOO00O0O

rn Uz 00000000000000O000

243 DCMOOOOO0O0O a;#¢ 000

0000000000 aj'=a;'=12,b1=2400000e;' 00000000
00000000 211 (a) 00 2.2 (d) O Distorted 3-SYN 00000000 0HRM
0000 40 f,0 Class ADOOODOf; 0 By, By, B; 03000000 Class B
0000z, 000000000 (Zeroslope) B, 00000O0DCMOO000O0000O
00002 0 2,0 B,000000 CCMOOOODO?2110 3DPlot000000
000 z30 B,00O00OO (z3(n)=0)0000000: DCMODOOOO0O0O0O0
0ooooo

;' 0000000000 3SYNODO 211 (b)00000000 230 2,0000
00002 000000000: 2,0 2,0 B,000O00OOHRMOOO0O0OOOO
0000000000 B,OOOODOO p3>10000B,0000000000
00000000 ;' 000000000211 () 000000000000000

x1 00 2z 000 B, 000000HRMOOOOODOO0OO0OO0OOOOODODOO
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000000000000000000000000000000000000000

0212 ()00 ()0 ¢;' 00000000000000000DCM 00 3-SYN
0CCMODO 3-SYNOOOODOOODO CCMOOO00000000000 3-SYN O
CCMOO00000000 ;' =6"'=330000000000000000000
280021000000000 ¢;' 0000000 CCMOOOOO0O0O0O0 DCM O
0000000000000000000000000000000000 21200
00000000000000000000000000000000000000
00000000000000000000 [0PDCsO000000000 "000

Ooooo”0boooboooooobobobooo
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(a)lxl(n+1) (D) 1x1(n+1)

T,

0" x| 0" x(m 1
1x2(1f1+1) 1)cz(n+1)

il
0 x,(n) 1 0 x,(n) 1
1x3(n+1) 1x3(n+1)

4 : il

0 2700000 HRMs O 3-D Plots (N =3,a; =ay =a3 =a, b~' =3.3).
(a) Stable 3-SYN for a=! = 1.5. (b) Chaos for a~! = 6.6.
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a) 1

x, (1) -

(a), (b), (¢): 1, 2, x3 0000
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(a)lxl(n+1) (b) 1x1(n+1)

0" xm | 0 x(m 1
1xz(n+1) 1xz(n+1)

0 xm I 0 xm I
x,(n+1) x,(n+1)

0 29: 00000 HRMs O 3-D Plots (N =3, a;' =ay"' = 1.5, b~' = 3.3).
(a) Distorted 3-SYN for az* = 2.6. (b) Chaos for az ' = 4.9.
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(a) ']

x,(n) 1

0 —
AN AN 9
%2.9(a) % 2.9(b)

(b) 1

" / i -
_ o

01 . . . : . : . . >
A3 A g 9

0 210: 000000000 (N=3,a;'=a;' =15,b71=3.3).
(a), (b), (¢): z1, x2, xz3 OO OO
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(a) 1 x(n+1)

0 x,(n)

1xz(n+l)

0 X, (n)

1x3(n+1)

(b) | x,(n+1)
0 x,(n) 1
i x,(n+1)
0 x,(n) 1
i x;(n+1) )
N\

(€,

x,(n+1)

0 x,(n) 1
i x,(n+1)
0 x,(n) 1
i x;(n+1)

0 211: 00000 HRMs O 3-D Plots (N =3, a7 =a;' =1.2, b7 =24).

(a) Distorted 3-SYN for az! = 0.4. (b) Complicated superstable behavior and chaos for

az' = 3.0. (c) Complicated superstable behavior for a3 = 4.9.
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(a) 1

x,(n)

0

X2.11(a)  M2.11(6) [K2.11(c)

) 1

x,(n)

——-":—-—'- : ol .—_'.'.-.-.*:.-_:'.*.'. vames. - -1
l LTI :mem a3
A T 1 A T

6

x3(7) -

1 T 1 U 1 1 1 %
A A A

R .

g 2

12: 000000000 (N=3,a;' =a;' =12, b7 =24)
(a), (b), (¢): z1, x2, xz3 OO OO
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2.5 0O0OO

OooOooOo0o/Oo000 PDCs 00000 (PWC)ODOODOODOOOO0O0O0OO
0000 Hybrid Return Map (HRM) D00 O0ON=30000000000000
O0000000000000000000 HRMOOODODO (Class A OO Class E)
000 B 00000 p, 0000000000 000O0000O00O0000A0
0000 PDCs: OO0 N-SYN (p; < 1) OO a! =01 00000CCM OO
Hyperchaos (p; >1) 00000
o000 PDCs: (LngDDDDDDDCCMDDDDDDDDD N-SYN OOOO
(i =ps<1,pys>1)000000DCMO0OOOOOOD NSYNO 00000
O000000000000000 (SSPOs) 00 00D0OOOO0O30000000
O0D00000D00D0OD0OWTA Switching ODOODO0OO0OO0O00ODOODOOODOO
goodoooobobbbooooooooon
goooouobooobbbboooooooouoboobbbbbooooooooog

O000000b00o0o0ooooooopwWwCODOOO RCODODDODOODDOODO

gbobboooobbbooodobbbooooboo
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030 oottt
Jooobon

3.1 oo

goood20000000b0boooobobboooobbbooobbboog?z
bbb bboooooobbbooooubbbooouboobooo
0000000000000 000000o0oDoOO be/pCcOoOoobooooooo
000000000000 (PWC)UODODODDOOOOO [6]0Buck, Boost, Buck-Boost
goobobboooubbbodoooonbbooooobbbooooooboboo
O000000000000000000000 (4000000000 2000000
Jodoobobobobobooooboobbobboboodgo20000nooooboooon
O0000000000000000 1000000000 (PWL)DODDODOOOOOOO
godoobobooogoboobuooooobbbooooobobbuoooooo
goboodbboobtboobboubboobbouobbooobbobob NOOOoo
0000000000000 0 bDC/DCOoboOoO0O (PDCs) 00000 O0OOODOO
0000 PWCOOOODODOODODOODOODOOO WTA Switching 00 OO [23]0 PDCs
020000000000000 (NSSYN)OOOOOODOOOOoooooooooo
ONSYNODOODOODOODO2000OO0Oooooooooooooooooooood
000000000000 0000000DO0O0 NSSYNODOODDOOoOooooo
guoobbboooobbbuoooobobbboooooobbbooooon
godoobbboooooobooooobbboooooobbbuoooooo
guoodoobobobbbooooodad

0000000000 [34[35)00000000000
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3.2 000 DC/DCODOnDOoO
3.2.1 0OJ0O0OO0OO0OO0OOOO

031(a)0 BuckOOOOODOOODODOOOODOOODOOOOOOO SOOOOO

O Dpoboob2000000000000030000000:

State 1: S conducting, D blocking and 0 < ¢
State 2: S blocking, D conducting and 0 < ¢
State 3: S and D both blocking and ¢ =0

gbbboogao2bbbuoaobbbaooboon

Rule 1 (Fig. 3.1 (b) ): State 1000000 SO on OO00O0OOOOODOO ¢0O0O
Ooboooogbooooboog Joy>00000000000 SO off0OOODO
O000 DO onO0O0O State2000000O0State2 0000 :000000OODO
00000000 State3 D0O000OODODOOODOO SOODOOOO pODOOOO
of JOO0OState20or 300000000000 (0O T)OOOOOOOO SO onO
O0000 DO off000OO0State 1 OO0 00000 D20000000000O
State 300 0000000000000 0O0OO (Discontinuous Conduction Mode:
DCM) O00O0ODOState 300 0000000000000 O00ODOODOQO (Continuous
Conduction Mode: CCM) 000000000 OOO0ODOOOOOOOOOOOO

gbobooobooboobgn:

State 1 — State 2: when 7 = J,.
State 2 — State 3: when i =0
State 2 or 3 — State 1: when ¢t =nT

Rule 2 ( Fig. 3.1 (c) ): State 2000000 SO of 000000000000
0000000000 J.>00000000000 S0 on000000 DO off
000 State 1 0000O000OState 1 00 s 00000000000000000 S
Ooff D0 on 000 State20000000Rue2000000000 J. 000
00000000000 State300000000000000000000000

gbooog:

State 2 — State 1: when i = J_
State 1 — State 2: when t = nT
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0000000000 7T0000000000000 RCOO0O000000000O
(T << RC)OO31()0000000000 V,000000000000 [6)00

goboboogobbooooon:

i V.-V, for State 1
L% =< -V, for State 2 (3.1)
0 for State 3

ooo V,>V, 000000000 PWC(ODOOO)ODODDOOO PWL(ODDODO)O

goboboooobbbuoooobbboooobboooobbobooooboo

t ) T T J_
7 —(Vi=V,), b=V, X =
T I, LL( )

==, 2
L], I, (3:2)

gbobobobooggobobboooobbobooogboobooooboboboood:

a for State 1

dx

= —b for State 2 (3.3)
0 for State 3

Rule 1:

State 1 — State 2 when z =1

State 2 — State 3 when x = 0

State 2 or State 3 — State 1 when 7 =n

Rule 2:
State 2 — State 1 when z = X_
State 1 — State 2 when 7 =n

0 3.1 (d), (e) 0 Boost 000000 Buck-Boost 00O OO0 PWCOOOOO
0000000000 BuckOUODOODODODODODOOOOODODODOOOOOOOBoost OO
00000000 a=(T/LJ)V;, b= (T/LJ.)(V, - V;)0Buck-Boost 1000000
000 a=(T/LJ.), b= (T/LJ,) 000000000000 0000000000
O000000000BuckODODOODOOODOOODODOODODOODODOODOO PWCO
00060000000 (T,L,J,,J_,V,V,)00300000000000 a0,
b>0,X_ >000000000000a0 Statel ODOOOD0O State20000X_
0000000000000 (O 3.1 (b), (¢)0

032()00 (¢)0 Rulel DO00O0O0OO0OO0OOO:p'0000000 CCMOO

Ooooboboobooobooooobobo beMbooooooooooD beM O
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OO0000OState 30000000000 mOO x=000000000 mOOODO
0x=000000000000000000000000000 3.2(d), (e)d Rule
20000000000: ¢ ' 0000000000000 O0 CCMOOOOOOOO
O0O0ORule1 0000000000 (¢,b) 0000 CCMOODOOODODOOODODOO
O0000O0O00Rule200000000 (X_>000000)000000000
0000000000 Rulel O0O0O0OOOOOOOOO (e,b)D0000OODODOO
OO000bD0b0ob0b0b0b0bORule200 CCMOOODODODOOOOOODOODO
gobobbbooogooobbobbboddooooboobbooooooboo

OO0000O0b0b00ob00dnD e O0obobOoboOoOoOoOooooOoD
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State 1

031: 000 DC/DCO0O0DD0OOoooooooO.
(a) Buck 00000000000 (0<V,< V).
(b)Rule 1 0O0OOOOOOOO.
(c)Rule20000000000.
(d)Boost O DOOODO PWCOOO (0<V; < V).

(e) Buck-Boost 00 0O OOO PWCOOO (0<V;,0<V,).
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o
1 o
X
1 3 5 T
@M
I\AAMA/
NN DN DN
X T 1T T
o
| | | | | >
0 1 3 5 T

032 00000000000000O.

(a) Periodic orbit in Rule 1 for (a=!,571) = (1.32,1.58). (b) Chaotic orbit in Rule 1 for
(a=',b71) = (1.32,1.02) (overlapped drawing). (c) Periodic orbit in DCM in Rule 1 for
(a1,b71) = (1.32,0.55). (d) Chaotic orbit in Rule 2 for (a=!,b71) = (1.14,1.66) and
X_ =0 (overlapped drawing). (e) Periodic orbit in Rule 2 for (a=!,b™!) = (2.00,1.66) and

X_=0.72.
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3.2.2 J0O0OO0OOOOOOOO

000000000000 0000000000000 [300330000000
gbobbuoooobbbooobb m—-1<r<m+1000000000000 n
000 0000000000000 n, U00O0ORulel D000 7, 0000000
O100000Statel d State20 00000 z000000ORule20000 7,0
O000000 X_DOO0O0ODOState20 State 1l ODOODO0O0O 20000007, O
ooooooooooooo o, 0000000100000 7,4 = F(r,) OO0
oooooooooogd 6,=7mod 100000007 =10,1)00 /00000

guoooooooooon:
Opni1 = f(0,) = F(0,) mod 1. (3.4)

Rulel 0000 7, <7< 7, 0020000000000000 (O 3.3 (a))0
Typel: 00 20 z=000000000Type2: 00 20 z=000000 (DCM
O000)Da=1-0'>0000200000000000000000340 350

gbobooogn

—p1(0p—1)+1 fora<6, <1

3.5
a 41 for0< 0, <« (3:5)

F<en>={

000 p=b/a0000Type 100000 » 00000000 O0O0 Type 200

O000O0oOooooon "Zero-slope” DO0O0OO 340 Rulel DOOOOOOOOO
gaodg

Rule20000 7, <7<7, 000000000000 z=X_0000000

000 T7TO0O0O State1 00 State2 00000000 z=X_000000O0OState

3000000000000340 36000000000
F(bn) = —p2(n — 1) +1 (3.6)

000 pp=a/b(035p, 000)00000O 350 Rue200000000000
0000000000000 00000 TOOOODOODODOOOOOOO [ploOO

gbboboooobbbuooobbbuoooobboooubo
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00 400 1<i<k0000 z,= f*x,) and z, # fi(z,) 00002, 0 k000
0000000 fi(z,) = f(fY(z,)) and fo(z) =2 0100000000000%-0
00000 {f(z,), -, f*«,)} 0 +0000000000000000000000
00 |Dffx,)| >10000000 |Dff(z,)| <1 000000Dfz,)=0000
000 (Superstable) 0000000 Df*z,) 0 2,00 0000000
00 5 0000 /00000000[Df(x)|>10000 20l 00000000
ooooOo fO000O0bOO0O0bOOO0DOU0OOO0ODO0ObDbOOD fODODODOOD
O000000000000000 [370

Rule 1 000 3.4 (a), (b), (d) 00000000 3.2 (a), (b), () 00000000
O00e¢'<dp'000000000D0DO000O0OOO 0<p<10000000
34() 0000000000000 OO0OOe'>p'00000000O0ODOOOO
p1>1000000034 (M) 000000000000 '<1-b1=a00000
00034(d)0000000000000000<1-b"'0000000 Zero-slope
000 (034 (¢) 0000000000 (Superstable Periodic Orbits: SSPOs) O O
goboboobbbouoogogobbobbodooogobobboooooooboon
Oob0o0ooooooogboogn sspos0boooooooooobooobooon
000 "Zero-slope branch” OO0 O0OOO0OOO0DOOO0OOOOOODOOODOOOO
0 Zeroslope 000000 OOOOOOSSPOsOO0OOOOOOOOOODOOO 6]
00000000036 (a)0 Rulel 000000 DO0OOOOOO M 'O00O0OOO
OCCMUOOOOO0O0O0O0O0 b= '000000000000000 b '=10
SSPOs 000000 '=¢ ' 00000000000 ' +bt=10000000

O000000000000000030000000000000000 (O 3.7 (a)) :

Si={(a,b)]at+bt>1at <t}
U ={(a,b)|at+b'>1a'>b""} (3.7)
Dy ={(a,b)]at+b 1 <1}

000 5 0000000000, 000000D, 000000000
Rule 2 000 35 (a), () 0000000032 (e), (d) 00000000000

a'>01 0000000000000 O0<p,<1000000035(()0000
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0000000000000 O0e '<b' 0000000000000 p,>1000
O0000000000000000000 35 (b),(c),(d)D000O0O0OOODOO
0000000000000000036(b) 000000000 «'000000OD0O
cCCMOOOOO0OO0OOO0OO0ObM!=¢'0000000000000000 200000

00000000000 (O3.7 (b)) :

So={(a,b)| a”t > b1, }
Uy ={(a,b)] at <b7!, }

(3.8)
0oo S 0000000000,000000000

Rule10 Rule200000000000000,0 0,000000000a 457! >
100000 $ 0000 % 00000000000000 «'4+6'>100000
0000000000000 LILV,/(V,(V;-V,))>T000000: e <b00
000 Rule100¢'>5"' 00000 Rule20000000000000000
00000000 CCMOO000000000000000000000

0000 Buck 0000000000000 PDCs00000000000000

(N-SYN) OO OOOoooooooooooooooooooo
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m+1

T

033 0000000.
(a) Rule 1. (b) Rule 2.
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() |

n+l|

(d)

n+l |

e 1 0 o

0 3.4: RulelDDDDDD
(a) Stable fixed point (p; = 0.83) for (a1, b71) = (1.32,1.58).
(b) Chaos (p1 = 1.29) for (a™ ,b ) (1.32,1.02).
(c) SSPO (p; = 1.45) for (a=1,b671) = (1.32,0.91).
(d) SSPO (p1 = 2.40) for (a 1, b~1) = (1.32,0.55).
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(b) |

n+l|

(d) | \

n+l|

0, 1 0 9

a0 3.5: RuleQDDDDDD
(a) Stable fixed point (py = 0.83) for (a=1,b71) = (2.00, 1.66).
(b) Chaos (p2 = 1.29) for (a™ ,b 1) (1.29,1.66).
(c) Chaos (pg = 1.45) for (a=1,b71) = (1.14,1.66).
(d) Chaos (pg = 2.40) for (a 1, b~1) = (0.69, 1.66).
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036 00000000.
(a) Rule 1 for a=! = 1.32. (b) Rule 2 for b~! = 1.66.
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—>
0 1 2a_1

037 000oooooooooooooaa.
(a) Rule 1. Sy: stable, U;: unstable, Dy: superstable. (b) Rule 2. Sy: stable, Us: unstable.
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3.3 000 DC/DCODOnDon
3.3.1 O00OUoooooogno

038(x) 0000 DC/DCOOOODO (PDCs)000000000: NO (N >2)
D000 Buck 000000000000000000000000000000C0
00000000 4,=YY,;, 0000000200021 (x) 0000000000
00000000000000000000000000000 §;000000 D,
DO00O0State 1 00 State 30 30000000000000000000 2000
D000000000O0ORulel1 00 Statel 000000000 WIADOOOOO

Rule 1:

State 1 — State 2if i, = J4

State 2 — State 3 if i; =0

State 2 or State 3 — State 1 if i; = min at ¢t = nT'

OO000DbO0bO0000J, 00000000 0DO000 TODOOODOODOOD State
1000000000 WTADOOOO: ;000000 T=n 0000000000
00 0« O000000000000000000O0000O0O0O00000 5;00
goboo

Rule200 State2 00 000O00ODOO WTAOOODOODO

Rule 2:
State 2 — State 1if ¢, = J_ >0
State 1 — State 2 if i; = max at ¢ = nT’

O00 J. OO000O00DO00DO0o0DbOOCState2000000000 WTADOOODO:
o; 100000 TT=nt 000000000000 O Oooooooooooao
O00o0oo0o0oooooooogon s;00o0oo0000oooooo  rTooooo
00000000 RCODODODDODODDODO (T<<RCO)OO 38 (a)OODOOO
0000 V,000000000000 [plo0O0000000O0ooooooon:

V. —V, for State 1
Li—i;=1< -V, for State 2 (3.9)
0 for State 3
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oog v,>v,dgboodboogbooobooobbooboobooboobboLy, =

--=Ly=L0L00000000000000000000O0DOO0O0O0ODOODO

t i T T J
— = 4= (V= V), b= —V,, X_ ==
A i ) L, T,

(3.10)
000000000000000000000000000000000000:

a for State 1
rj =4 —b for State 2 (3.11)

dr
T 0 for State 3

Rule 1:

State 1 — State 2ifz; =1

State 2 — State 3if z; =0

State 2 or State 3 — State 1 if z; = min at 7 =n

Rule 2:
State 2 — State 1if z; = X_
State 1 — State 2if z; =maxat 7 =n

Ooboobooboboooooogsgbogbooobobobb e, b, X_0O0OOO0ODO

0390 PDCsO000D0O0O00ODOOO (N=3)0Rule1 00039 (a)000
O0O0O00OWTADOOOOODOO N-SYNOODOOOooooooooooooo
O003-SYNODO 39 (b)0OOODOOOO 3-SYNOOODOOODDODODODOODOOOO
0000000 Rue200000000000 3-SYNODO 39 (b)OoooooOooO
SSYNOOOOooooooboooooboooooop20b0oooobboooooog
O000000000000000000000 39 (c)d Rulel1 00 DCM O 3-SYN
gbotb: gbbodgbogbbodgboooboobbogboobbouboanon
0000000 DCMOOOOOOO 23/ 000000000000 Rule2000
O0o0ODCMOODOOO 3-SYNODO39(¢)00dOdO ccMOIOOO0O 3-SYN O

OO000D00O NSYNOOOOOOOoOOooooboo
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WTA-based
switching

038 000 DC/DCOODOODDODDOODOO.
() 000 Buck 00000000000 (0<V,<V).
(b)Rule 10000000000,
(c)Rule20000000000.
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0 39:PDCs 0000000 (N=23).

(a) Stable 3-SYN in CCM in Strategy 1 for (a=1,b71) = (1.32,2.13) (R, = 0.154). (b)
Unstable 3-SYN in CCM in Strategy 1 for (a=%,b71) = (3.70,1.67) (R, = 0.054). (c) Stable
3-SYN in DCM in Strategy 1 for (a=1,b71) = (1.32,1.20) (R, = 0.218). (b’) Stable 3-SYN

in CCM in Strategy 2 for (a1, 1) = (3.70,1.67), X_ = 0.441 (R, = 0.054). (c’) Stable
3-SYN in CCM in Strategy 2 for (a=1,671) = (1.32,1.20), X_ = 0 (R, = 0.389).
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3.32 0000 (N-SYN)DOOOO

OO000000000oogooOo ceM OO N-SYNOOOOooOobOobooboooo
o000 390 03200000CCMO0 N-SYNOD z; 000D000C0OOO
Oz0 CCMOOOODOOOODOOOOOON-SYNODOODO 70 7/NOODOOOO
0312000000000000000 ;0000000 0000000000
000000000 (a,b) 0 (Na, Np) OOOOOOOOOOODOOODOOOOODOO
r0 3800000000000 0bLO0D0obDbOOD N-SSYNODOOOOuonDoo
O0000000000Rulel 00000000 O0O0DODOOODO (O 3.11 (a)):

S3={(a,b)] ' +b7' > Noat <07t}
Us={(a,b)] a+ bt >Nat>b1} (3.12)
Ds={(a,b)] at+b' <N}

000 S;00 N-SYNOOOODODOU;OODDOOODODOWTA Switching 000
O000000bO0DbOobOO0oDOOoOO0obO0OobOOoDbD NSYNOOOODOoboDboo
ooobobobobooooobooobooobobobooooboDs 00 DCM OO
0020000 [32]0000000000000O00OOOOOOO

Rule2000000000000000O000O0OOOO0O (O 3.11 (b)):

Sy = {(a,b)]
Uy = {(a,0)|

—1>b—1}
—1<b—1}

Q <

(3.13)

000 500 NSYNODOOODOOOU, 00000000 Hyperchaos 00000
«'+b'=NODOOON-SYNOOODO 10000000000000 X_=1-
=i > 0000000 X, =1000003100000000000a™'4+b7" > N
Doooo LLV;/(Vo(V;-V,)>NT0O00000000000000000CCM
0000 Xpee=1000000 N-SYNO Rue0000000000000000
D000000000:TO J_ D000 a'<b'O00RuelO0a!<b'00
Rule2 00000

024000000000 2,00000000000Rule1 000000 R,00

000S 0000 ¢!=(N-1)p'000000 R,=000000'000000
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0O R 0O00000O000ORue200 «'0v'00000 R, O0OODODOOS, O
000 (N—-1)e'=bp'000000 R=0000000000 CCMOODOOO
N-SYNOODCM OOOOODOODOO N-SYyYNOOOOOooooooooooog

gobobooogbobbuoooobobuoooobood
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0 3.10: 0oogoogo.
(a) Periondic orbit in the sigle system. (b) N-SYN in the parallel system (/N = 3).
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5a

0 3.11: 000000 (N =3).
(a) Rule 1. S3: stable N-SYN in CCM, Us: unstable N-SYN in CCM, D3: DCM.
(b) Rule 2. S;: stable N-SYN in CCM, Uy: unstable N-SYN in CCM.
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0 3.12:. 000000 (N =3).
(a) Rule 1 for a=! = 1.32. (b) Rule 2 for b~ = 1.67.
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34 UO0OOO

OO00OO0bO0bO0obOOo0o0ooboooooDobOOobD pWCOODOODODODODO

gboboboogoobboood

3.4.1 00O Buck OOOOO

031300000000 BuckOODODOOODOO PWCOODOODOODOODOO
guddddodddddodddoduuuuuububobobobboboboob-boo
000 (Current-to-Voltage Conversion module: IVC) 00000000000 00
Oooooooooooo s ooboolivecooooooo Ry ooboobOon

gbobboobo0 00314000000 0oo00000D00

Vg = (Rdg/Rdl)Td’i (314)

0000 vpOOO0OO0OOOO (Comparator) 000000000000 OOOOOOO
O (Flip-Flop) 00000 (Reset) 000DODO0O0O0O0D0 TO0D0O0O0O0ODOOODOOOO
0000000 (Set) 000 000OO0O0OODOOODOOOOO SOODOUOOOr, 000
Oo0ob0bobOobobbo0oo0obUb Rueboooo0oO0ooO0bDOOORule
100000000 S, S, 00d100dddRule200000000 Sg, Sy 00
0200000000 Ruleonooonooonboon

03140 Buck D000 000000 0O0O0O0OORulel 00037 ()0 S;0000
000314 () 0000 CCMOOOO0O0000D0D0D0000000000 3.7(a)0d
U, 0000000000314 () 0000000000000 O0O0OO Rule200
oooooo37 ()0 SSO0000000000314 (b)0000 CcCcMOOOO
O0o0oooooooooooboooDgnD ¢, b 0000000 RuleOO0O0OO0OO
OOoboO0oobo0oooobOoobo0oobo0obDoobDoooD0obbo0d Rule1 0O 3.14
(c)JODO0O DCMUIODODOODODODDOOO Rue200000000 3.14 (¢) O

oooO ccMOoooooooonboonbon
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0 3.13: Buck OOODOOODODOODO.
Oo0o0: 071 ( IVC ), LM339 ( Comparator ), 4066 ( Switch ), 4013 ( Flip-Flop ).
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0 3.14: Buck OO ODOOODODOODO.

L =100[mA], r, = 100[Q], rq = 91[Q] and Rg1 = Rg2 = 10[kQY]. (a) Periodic orbit in CCM
in Rule 1 for (a=!,671) = (1.11,2.41). Horizontal: 0.1ms/div, Vertical: 2.2mA /div.
Vi = 5.81[V], V,, = 1.83[V], Vp, = —0.40[V], T = 0.10[ms]|, J+ = 4.40[mA]. (b) Chaos in
Rule 1 for (a=!,671) = (3.00,1.49). Horizontal: 50us/div, Vertical: 1.1mA /div.

Vi = 3.32[V], V, = 2.22[V], Vp, = —0.20[V], T = 0.067[ms]|, J+ = 2.20[mA]. (c) Periodic
orbit in DCM in Rule 1 for (a=1,b71) = (0.36,0.69). Horizontal: 0.2ms/div, Vertical:
1.1mA/div. V; = 3.62[V], V, = 1.27[V], Vi, = —0.20[V], T = 0.25[ms], J; = 2.20[mA]. (a")
Chaos in Rule 2 for (a=%,b7!) = (1.01,3.02). Horizontal: 0.1ms/div, Vertical: 2.2mA /div.
Vi = 5.81[V], V,, = 1.46[V], Vpp = 0[V], T' = 0.10[ms], J_ = 0[mA]. (b’) Periodic orbit in
CCM in Rule 2 for (a=1,b71) = (3.14,1.45). Horizontal: 50us/div, Vertical: 1.1mA /div.
Vi = 3.32[V], V, = 2.27[V], Vpp, = 0.15[V], T = 0.067[ms], J_ = 1.65[mA]. (c¢’) Periodic orbit
in CCM in Rule 2 for (a=*,b7!) = (0.38,0.67). Horizontal: 0.2ms/div, Vertical: 1.1mA /div.
Vi = 3.62[V], V, = 1.31[V], Vi = O[V], T = 0.25[ms], J_ = 0[mA].
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3.4.2 OO0 Buck OOOOO

031500000000000 BuckODOOODOODOOO PWCODOOODOODOO
oboobooboobuoobuoobuooN=3000000000DODbO0O0ODO0
00o0o0o000o000o000o00oo0o0on (Ly,=L)000000000 IvCOO
gubo-ogbodgbboodgbdoddbodgbdgoodooboobdon «; 00

15000000 v ODO00O0000

vy = (Raz/Ra1)rai; (3.15)

0000 v 00000000 WIAODOOOOOOO3.15(a) 000000000
00000 WITADOOOOOOOOOO0000000000000 v, 00000
000000000000 "Wine” 00000000000000000 ,C, 00
0000l oooooo0o00™ 00 Inverting converterdn 00 AND 00
0000000000N=3000003.15() 0000WIAOODDODO0000
0 7000000000000000000000000000000000000
0000000 ¢ 00000000000000000000000000000
000000000000000000000000000000 §,00 SyO000
0000000000000000Ruel1 00000000 Sy, Sp; 0001000
OORule200000000 Sy, S;; 000200000000 Rue00000
000000

03160000 Buck 00000 (N=3)000000000Rue1 000 3.11
() 0 S; 0000000316 (x) 0000 CCMOOODOO 3-SYNODODOOOOO
000 3-SYNOODOOODOOODOOOO0O0O000003.11(x)0 U, 0000000
000316 (b) 00000000 3-SYNODODODOD Hyperchaos 1000000
0S;0 S;000000100002000000000 RulelO0 Rule200

O00000OHyperchaos 00 3.16 (b)) 0000000000000 0OO0O CCM OO

OO0 3SyNOOOoooooooooooooooooooooooooQ a, b0
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OO00000 RueOOO0O0OOO0ODOOODODOOODOOODOOODOOODOODOODO

goobood
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¢,Q

(b)

- CLK WTA

0 3.15: 000 Buck OODOOODOODODOO.
(a) Parallel system where N = 3. (b) WTA circuit: 071 ( IVC ), LM339 ( Comparator ),
4066 ( Switch ), 4013 ( Flip-Flop ), 4049 ( Inverting Converter ), 4082 ( AND Gate ).
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0 3.16: 000 Buck 0DOODOOOOOO (N =3).
L =100[mA], rr, = 100[2], rq = 91[Q] and R4 = Rg2 = 10[kQ?]. Horizontal: 0.2ms/div,
Vertical: 5mA /div. (a) 3-SYN in CCM in Rule 1 for (a7%,b71) = (1.14,2.39). V; = 6.88[V],
Vo = 2.22[V], Vi, = —0.40[V], T' = 0.08]|ms], J+ = 4.40[mA]. (b) Hyperchaos in Rule 1 for
(a1,071) = (2.36,1.54). V; = 5.69[V], V,, = 3.44[V], Vi, = —0.40[V], T = 0.08[ms],
Jy = 4.40[mA]. (2’) Hyperchaos in Rule 2 for (a~!,b71) = (1.11,2.51). V; = 6.88[V],
Vo = 2.12[V], Vi = 0[V], T = 0.08[ms], J— = 0[mA]. (b’) 3-SYN in CCM in Rule 2 for
(a1, b7Y) = (2.57,1.46). V; = 5.69[V], V, = 3.63[V], Vpp, = 0.17[V], T = 0.08[ms],
J_ = 1.87[mA].
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