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[3.55, 3.64] 2Ty 1T, JA 3
[3.96, 4.01] 3Tu2T, JAH 5
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(6.30, 6.34] 1T44Ty, JH 5
[7.33, 7.60] 1T, JAHI1

MK 3(b) W LA H: & ZH Ty BT,
AW BRAT T W& (1 Ty 2RSS
g BT Ta WE/MEN fon, FTLL AT LS S
BN, BT TAET B 1T AR I 1 4.
TR ik T, #f e B DL, B 3(0) #2415 T Ty
S IR BRYE. B0, BN 2S TAE T A 2
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v,/ V

v,/ V

Ty /ps

B3 Phv, M Ty RSB (a) vip = 10—17.5 V; (b)
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Wi ah 7228 10) X5 3) A @) K. (6)
A (7) 2, W n ADNFFISE PGSR A, T2

B AVt B e ~20(Tu—toN—1Fn) [pz +2ap;ve (nTH +1toN + tFn)]; Vi < Ve, an
)= —
dvy e 20TL—toN=trn) [y - 20tpyve (TR + foN +tFn )], Vi > Veef,
/\EP +<G3 — C41 0P —C420£p])Sin((Dt]:n)],
o
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1 (04
03 _RGZ — 561.
MR (11) 2, vk — P15 3484 38 R4 1) Lyapunov
AL N
.1
AL = lim ;n;lnm (12)
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A T UK 35 1) Buck AR 28 TAE T-A25E 1)
JAIHAS, Lyapunov 548 Ay, /N T EEET-F. 5
JE AR 2 45 1] Buck A8 4 8 KA T IRIEAT 9, W
Lyapunov &£ 582 KT E 1.

B 3) X @ ) AL (10) X —12) A,
TS K 2(a) I 3(a) FH[E ) HLES 240, W] A4S 2
WK 4 FrosiIBL R Al viy NZE0H) Lyapunov FE4L.
H K 4(a) 7T %0, BEE R AN B0, Lyapunov $5 %k
FEAE 22 IR AR, 2k A8 2 vh 300 A 43 43 2% 51 A 1
TEHEAN 13 A0 V5 ] N, Lyapunov 8 $035 /N T %,
R — BLAL T RS, Ao R AR
178, BBl 4(b) AT %0, 75BN AR A3 R P,
Lyapunov 8 5(35/N T2, Ui R s th—BH AL T2
€ M S, & 4(a) F1 (b) ) Lyapunov 82053715
2(a) P 3(a) (145 25 AR B, BRI, 38 F T )
W 3 FFA RS L R 2 IR K A IRTEAT AL

3.3 LRSS

Nk G AN Sy A AR 4 A Y 22 A T
TR, VARESUE ) ) S A B H v B 45 2R, e HL
5K 2(a) HFIFHLER S 2, X 13T PSIM HLi#%
fiE.

Kl 5@)—g) ST R=17Q,R=75Q,
R=45Q,R=3.6Q,R=55Q,R=3.1Q,R=2.8Q
I E) d, A v D7 EETE, vo-in, AHBLEIAN iy, FOATE .
MK 5(al) /T AR H, A ds TAET I 1 & (1),
TEH A T = Ty, BT BB BRAAERFE R
BB, BT LA 2% TAEF DCM B2 B 5(a2) (1A
BN 1 AN, R RS TAET I 1 $E; |
5(a3) A0t Pl 2 Bt B A ) A, 130 B AR e 2% T
TET JZS, B fo b e BRI B 4 B A,
fi NFEEEEH fi = 1/T) = 55.56 kHz. M 5(b)
AT LUE Y, AR TAE TR & (1), M3 E 1
Ty = To, FEUREIUN 1 ANF, St R B0 5 A
AR, fi = 1/T; = 13.89 kHz.

F Aol Hb, M B S(c) AT LAE AR 28 TAE T
I 2 &, TR T = 1Ty + 1Ty, 00 %
fi=1/T1 =11.11 kHz. ] 5(d), (e) 7 LAFE H 2B Ht

ay TAET I3 25, A R 4338 Ty = 2Ty + 111,
Ty = 1Ty + 270, N 5(d3), (e3) M3 i 41 K
fi =9.26 kHz, f; = 6.17 kHz. & 5(f), (g) M1} &
PR R TAET A 4 & GIul 1) A5
A @Il Ty). R¥EE 5(a)—(g) M Bas Rl 5: 45
A 4G 2% I SR T R RIS S T = un Ty + p 7o,
AR R I py 4 e P, A% TAE T A
W g 4 o BUIE, SIS E B f = 1/T) =
1/ (uaTu + poT); 55— 710, 456 R TE. M3
Bl B A A B mT A, AR A B R R 2
170, AAFAEIRIEAT N, 5 3.1 f1 3.2 T4 —5, 36
E T AR A AT RS ) SR R TR A

—0.054

—0.058

—0.062

Lyapunov 8%

—0.066

—0.070

—0.03

Lyapunov g4

—0.09

10 12 14 16
Uin/v

4 LLR M vy, NZHHI Lyapunov 3680 (@) R=1.5—7.6 Q;
(b) vip = 10—17.5V

4 B TRBIT

N T B8 IE L LA SR R, SR S R
15 FAR 7] 0 2 300 e s R0 0080 %6 42 1] Buck 28 46 8%
BEAT SEER AT 7S, B 6(a)—(g) w4t T R=1.7Q,
R=75Q,R=45Q,R=36Q,R=55Q,R=3.1Q,
R=2.8Q I sz 4t 5. WK 6(a) Al LAE H: K
6(al) 1R BRI L 5B 5al) — 2, %t f %
TEATAE W 1A e A 0, IR B Y R R AP AE B 2R v
JEGE R, AR 5 Sal) 4 R AR —
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6(a2) HISLIR AP S B 5(a2) 17 B ARSI K 5
A By, SII AR P W A R ) SR DR A DR D FL R AT
575 A2 HLBH, SIB AR B R TG 28 SCHROZ it
25 7T A HURGE R T 6(a3) Y SEIe AT K 5 A

IR AN F SR, HE— DX 6 A1 5 v
FAMI1R=1TQHAR=75Q). A 2R=45Q).
JAWI3R=3.6QMR=55Q). A 4R=3.19Q),
JAH S(R = 2.8 Q) FSZIG I I T AR %h B A Rk

5(a3) FFE PR — B, R A EITEE S E HL R 5 07 B 45 AT, SEIe 45 RIS E 1 S0 iy
5(a3) DA T 28 S, 1K R 22 e M T SR 0O 1 i 45
417
> 590 (al) 10 (a2) ° (a3)
\O 5.88 8 i 3 f1:5556kHZ
)
5.86
< 6 %ﬂ 2
~ =
&4 HL
8 =
3 /\_/\_/\_/ ; =)
2 4 =
O 0 0 L A L
14.36 14.38 14.40 5.82 5.86 5.90 5.94 0 50 100 150 200 250
t/ms v, [V f/kHz
6.16 2.0
> 6.12 (bl) 10 (b?) < f1—1389kHZ (b3)
= 8 < 1.5
2 6.08 =
6.04 < 6 E 1.0
&4 Ho
< SA A /\ L
3 : L
= L
0 0 0 —
14.40 14.45 14.50 14.55 6.00 6.05 6.10 6.15 6.20 50 100 150 200 250
t/ms v, [V f/kHz
6.2
> 6.1 (c1) 10 (c2) - 251 £ =11.11 kHz (c3)
E 6.0 \/\/\/\/\/\/\ S < 20
5.9 i 6 g 1.5 H
12 2 4 2 10
=N
z A 2 =05
< ) Ly
0 0 0 1 1
14.35 14.45 14.55 5.8 5.9 6.0 6.1 6.2 50 100 150 200 250
t/ms v, [V f/kHz
6.2 2.0
> (d1) 10 (d2) fo f,=9.26 kHz (d3)
S 6.0 M 8 T 15
) @ .
5.8 < 6 B 90
&4 Hr
8 =
Z 2 =05
S 4 R
= 0 0 0 l lll Ly 1
14.35 14.40 14.45 14.50 5.8 5.9 6.0 6.1 6.2 50 100 150 200 250
t/ms v, [V f/kHz
6.2 2.0
> 6.1 (el) 10 (e2)
<> « f,=6.17 kHz
s 6.0 8 ~ 1.5
® pun
5.9 < 6 o 10
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Abstract

A dynamical model is proposed and the corresponding characteristic aligns are derived for voltage-mode bi-frequency controlled
switching converter operating in discontinuous conduction mode. According to the dynamical model, the border-collision bifurcation
and multi-period behaviors, such as period-2, period-3, period-4, and so on, are studied using bifurcation diagrams as the circuit
parameters are varied. It is found that the converter behaves along the bifurcation route of period-1, multi-period, and period-1, and
the change of period state is induced by border-collision bifurcation. Based on the characteristic equation, the converter stability is
investigated by the Lyapunov exponent. It is shown that Lyapunov exponent is always smaller than zero with the variation of circuit
parameters and the converter operates in stable period state all the time. Also, it is validated that period-3 behavior of voltage-mode
bi-frequency controlled switching converter does not predicate its inevitable chaos. Time-domain waveforms, phase portraits, and
frequency spectra of voltage-mode bi-frequency controlled switching converter are analyzed by circuit simulation, which validates the
feasibility of dynamical model and the correctness of theoretical analysis. Simulation results are verified by experiments in this paper.

Keywords: switching converter, bi-frequency control, border-collision bifurcation, multi-period behavior
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