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Abstract

With the continuous development of fast-charging technologies and the USB Power
Delivery (USB PD) protocol, increasingly stringent requirements are imposed on power
adapters in terms of output voltage range, conversion efficiency, and power density.
Conventional two-level voltage regulation circuits suffer from high device voltage stress, large
switching losses, and limited potential for further reducing the size of magnetic components
in wide-output-range applications, and therefore can hardly satisfy the demands of high-
efficiency and high-power-density power adapters. Owing to its advantages of reduced device
voltage stress, improved output waveform quality, and enhanced high-frequency operating
capability, the three-level flying-capacitor Buck converter exhibits strong potential for wide-
range voltage regulation applications. However, for this topology, flying-capacitor voltage
balancing remains a key issue affecting stable operation and performance. Existing studies
have shown that valley current control has certain potential for natural voltage balancing in
the three-level flying-capacitor Buck converter. Nevertheless, when the output voltage gain
approaches boundary operating points, the inductor current ripple becomes very small, making
valley detection difficult and thereby limiting the applicable gain range of this control method.
Therefore, investigation of the flying-capacitor voltage balancing mechanism and wide-gain-
range control strategies is of practical significance for applying the three-level flying-capacitor
Buck converter in power adapters.

To address the above issues, this thesis first analyzes the influence of flying-capacitor
voltage imbalance on the performance of the three-level flying-capacitor Buck converter,
including unequal device voltage stress, degradation of multilevel output characteristics,
increased system losses, and deteriorated dynamic response. On this basis, among various
current-mode control methods, peak current control and valley current control are selected as
two representative cycle-by-cycle current control schemes for detailed investigation. A time-
domain perturbation propagation model is established, and the minimum slope-compensation
requirements of the two control methods in subharmonic oscillation regions are derived.
Furthermore, by combining the charging and discharging processes of the flying capacitor
under different operating modes, a recursive relationship for the flying-capacitor voltage
perturbation is established, and the natural voltage-balancing capability is quantitatively
analyzed. The results show that, in the three-level flying-capacitor Buck converter, the natural

voltage-balancing capability under peak current control is load-dependent: a certain balancing
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capability can only be maintained under light-load conditions, while the balancing capability
gradually disappears as the load increases. By contrast, under valley current control, within
the duty-cycle range of 0<D<I analyzed in this thesis, the flying-capacitor voltage
perturbation always exhibits convergent behavior, thereby enabling load-independent natural
voltage balancing.

The above analysis indicates that valley current control exhibits superior natural voltage-
balancing performance compared with peak current control, and is therefore more suitable as
the basis for designing wide-gain-range control strategies for the three-level flying-capacitor
Buck converter. However, conventional valley current control still suffers from excessively
small inductor current ripple near boundary output-voltage-gain points, which leads to
difficulty in valley detection and even control failure, thus restricting its applicable gain range.
To overcome this limitation, a trapezoidal current control method is proposed. The proposed
method actively reshapes the inductor current waveform and online adjusts the participating
operating modes and their durations in different voltage-gain intervals, so that the inductor
current evolves from a conventional sawtooth waveform into a trapezoidal waveform with a
flat-top feature. In this way, current detectability and controllability in low-ripple regions are
significantly improved. According to the operating characteristics in different gain intervals,
piecewise control logics are designed for 0<M < 0.25, 0.25<M<0.5, 0.5<M=<0.75, and
0.75 < M<I, respectively. The modal transition relationships, inductor current ripple
characteristics, and flying-capacitor voltage-balancing capability in each interval are analyzed,
and a wide gain range of 0.02<<M<:0.98 is finally achieved.

Finally, an experimental prototype of the three-level flying-capacitor Buck converter is
built, and experiments are carried out to verify peak current control, valley current control,
and the proposed trapezoidal current control method, respectively. Experimental results
confirm the analytical conclusion that the voltage-balancing capability under peak current
control is load-dependent, whereas load-independent natural voltage balancing can be
achieved under valley current control. Moreover, the proposed trapezoidal current control
method achieves stable operation over a wide gain range. The inductor current waveforms in
different output-voltage-gain intervals agree well with the theoretical analysis, and the flying-
capacitor voltage remains well balanced. During control-mode transitions near the boundaries
of different control intervals, only small transient overshoot appears in the output voltage, and
the system quickly recovers to a stable state. These results demonstrate that the proposed

control method can simultaneously achieve wide-gain-range regulation, natural flying-
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capacitor voltage balancing, and smooth control transition, thus providing experimental
support for the application of the three-level flying-capacitor Buck converter in wide-output-

range power adapters.

KEY WORDS: Three-level flying-capacitor Buck converter; Peak current control; Valley

current control; Trapezoidal current control; Natural voltage balancing; Wide gain range
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80

@ Navitas

® Demo
® Product

60

(infineon w s 1
40 ii /\NVCR Rﬁ () ® ﬁ

@mutwm 101 1pagsgience transphm

BRI EZEE (W/in®)

09 ® 120 180 240 300 360

IR (W)
B 1-3 iR E BB A AR A A
EYUHMHEREERZERRT, BERENBE TN AWERAEL: WEEER
WA, WERNEZIATEEREEERYT (—Bh 548 V), HEREHIE
1-4 TR o i N\ S 8 45 3 3% o & [F $0% IF (Power Factor Correction, PEC) &, % 7% i AC/DC
T, WiE, RAXREFRERE R DC/DC L #E, FEmEMesRe ke EEY
%Ko RIE USBPD p MG, EREHEFLF SV EEANNL A HEE.

=

E

\3\*%

Unregulated Regulated

90-264 Vac AC-DC ) Buck 5-48 VDC
input stage | MG output

K 1-4 EEBERREN
TR % AC/DC # 4, BEAARBEILGINLZ BT PFC HIHURARZHERE
HEUBELRN. EEHXDC/DC LTy, AAEZRIANFTEZTECF =K 2HHA



wu xinke
同上


% AR L #ib

JE 25 A4 (4 3B 4F A7 HF, Asymmetrical Half-Bridge, AHB)U! Y # %% 8 JE 45 #5 (40 RDCX,
Regulated DC Transformer) 129, DL K % 4 ¥ % & 2244124,

N
T VA A +
1 Vin T (;DCX)
Vin - . -
=V,
'I T Vo
- I : - A L

(Regulator)

(@) (b)

o

v L | mawmms | L | wma |+V
T (DCX) T _| (Regutator) | T

(c)
B 1-5 =## 3 5E BIf& & 2 DC/DC & #: % 5 3
()% 4EH AHB  (b)EF K4 RDCX ()P & 4 #) DCX Bk & B %

AHB B ZERBAX G EFFNE SRS EM LR R RN — KT
B, A& — R E TR EEETAREY, R IBERSET XS4 HE
PR KETRE, ERUG RSB ETEELGTFE; i, &l a2
Wi, N EXBT B LT e mik. MR TERRYAEN, ZHEELT NG
WA G HHE R e EXLHEE, E—2RE EMERT #ETHRTIHESY
REE, Tat, b T HREE 7 X RARBT AR R, Eh s E L i B ROAH,
BIT K 2 DA A TR X 18] e 4233 R

RDCX (Regulated DC Transformer) BT —f S R B E A R ;4 4, KRB A
W 1-50b)frs (AR L - TR, ZEMEEEZ LW ERE EHRK
(DCX) G rifESE TR B A, £+, DCX #o AR A BRA LK, TER
B R B A L IR T R A ey F e R T LR B 4 [F] 2 R U A B9 R U K T
BT AR RFHHIT R Eel. A LT d e Eoy RERT, 715 B0 E 8 A
Wk, % ¥4 % XA Buck. Boost 5 Buck—Boost £ # AEHH K., BT IHEZET
RABEHRFH—H o, ERATERERNNNALET, ZEWRERTRE EH
MBS REE,

T 1% PD (Power Delivery) ®J& % 536 Bl fir 41 8 7 09 B A 5K, o] R 2 B9 T 2%



% AR L #ib

REREMUFE—FRUR G . — M LI 7 wE 1-5(c)fr, EFE#5 DCX
FEREFAE, EXFETRHEETLMLT DCX 25, EAMHEEATEERE T
EY R AW, YRAERMRAZEFH B FEER, B THFAFEREG LB EEN
ABK, GRAREMELRYERDEEETEEELEERS, HETR#ST
RDCX 77 £.

ARELREM, TEEERTIANSL B FLHEEA, BIEREGAZBEN
AT AR, NTRARGHEH S-S RENETE

1.1.2 % & FoEBEARIAR

EABTEBTHARNHES, AEEEEZRSETEE: —REHLD
(Neutral Point Clamped, NPC) 7 %% H #f % (Cascaded H-Bridge, CHB) BUf %,
#% @ 7 A (Flying Capacitor, FC) 1, #n/ 1-6 Frorw.

+
V NPC
g _T

+
Vg,CHB r—

Vg npc ==

K 1-6 =M EEW%LEFEEEH
() =R &4 A (NPC) (b)%F% H #: & (CHB) (c) % B, & (FC)
NPC T HRMEE S E, HAEHEL_RER T AT A ERGEF A E

5



% AR L #ib

fr, NI L Fiad, 2RI AFaFeEN IR, REEPREFFMHL, BT
B FRA KRR AT, ME R TR m, FL_RERXRELZTE P, TREHEHL
EEHAEERY L. AM, P REFEBRERAS T TREULERTH, T E6 R
GUITME. W, EEATEEHET, —RERMKRERL 2 —FERATHUE.
Fit, ZEEENHATFEERNRS. HERFAMNEREUREEERAEST
NIMEEFEEAGEF .

CHB # M B £ A HAF £ n R F LI i JE & m, & -5 038 % o M o0 B L R B
W, BHRGFESRNMRE, ZTT REEGE TR EZEIN L E L wFREE
RSB R, ERRERERAREE L, ARZEZTINRANIEEE, LA
REB I REESGER. WA, ZRBEZAWEE-—FEERUENT ARERE,
A (R E 8 o 5 55 DC/DC i il o % B — = IR

FC i B AT R BHZAIINRFEE, XARELAEEN, LEHMEAR
FHE, FEFESMHTAT RS, A B R FRy Ty HfEMtT £
AWEFREEE. O TZEIAEERFLEN, HRT CHB #H1h, HIHEEF KT
HHEBRMK. FIM, FCHINTFINMEM_MRERS B BR, BREHENEES
—o AW, EEFFETE, ZEADTELASFRES AT, HHFEIING
N R R R T R, TR R E . RE WL, MERANL SR EE
B &R RI, R E I R G LA e, B HA R A K E® M DC/DC
FHBTBNERER AT WL —

1.2 % P B W A B B A SR A B A LR

121 8P ERA BN e EERERFRIAR

B 1992 4 Meynard AR H CEE AL B FREEBPHFBENA T AGEHER
BUK, ZRAIENBET HEFNNAR. BEBNBFRANLE, FREZHK
KEEARIEEATEADENAREENIE, BRERGHEFEG R, e
FEREF SR (VR), f# A #IE (Point-of-Load, PoL) LUK ¥ F# B 7% % & 47K

KT, MENAGENRR, CEERERMELRIT RN —LXBALH T
o ARFH, EEAREBHAFEET (WE 1-7 Frr), CEREBERUER
BRNHERS, FE—EWNTHEAR. ZAHEAASSHEF X BHAZTHE



it AR A 1%t

JER A AR AH, N ES ) S e ERT AR ERE, AT EALT
R, FEREERRTBERL.

.||+
|

= ch

" 0 : —
<§+ V, s 4 :
4_‘_'; PS-PWM |+ Pl AN 2 .

(a) (b)

Bl 1-7 AR H R T o ESER 5 B
XIS B AR A E R B R T T E AL, B BT U AE R G R R AR R e A
EREBT Zivat ik, UXA B RERENREHIE.

v

v

v

PS-PWM

i

(b)

B 1-8 FIAMEF BB R TR EFAER SR
b, mE LA RATIN IS R E KIRER T AR E, #ERAF S
HARE, FRAEESZHEHEEHTUR, RECERERGT; ZRREGTLLHAMR
o (PD B HABEGERMUNHEE, A —FEATEZRAERTE, AL



% AR L #ib

WhaEZNzmedE, LI WEREeEnHEER, wE 1-8 Frr.

1.2.2 % 8- R A BB ERER SR AR

BREEERIEFIE AR EL RN Z N ANER TR —, RAEEMEE,
FARREME, EEEARBLERAS LSRR ES . WAL HLEEURAL
MEERNTHES, FREEEX G R UHEEE-EN R TR, B, ARHZ
FHNERER, RREZ AR R0, DUR A R Gov i 3 B o 35 8 7 58

TR Tk, R R F 2 T e R A 1F #| (Average Current Mode Control,
ACMO) 21, 7 77 ik A 12 S0 L JE A IR B 2 b 5] N Lyt P9 2R, 38 334G 1) Pl % B U A T 3
B, ZANEREEHET, NTRARRASERATKES. K1, EXREEES
B RBmET, ZERMAXLEN CERFEEREANENRENG, HEEFE
FONBIN B JE BRI, URIER AR E AT,

P 2 B A R X R DT R B A A BT R R 5 A S, AFE—RETER
Wk B (B AT 2 B H (cycle-by-cycle) 1T B9 BLURIER 77 ik o XA T EF, B EHBRE
#| (Peak Current Control, PCC) "l £ 4 = i, I A&t Eal b &% & b 4 (5 ik 4= 4
(Valley Current Control, VCC) B #2f e it % %] (Hysteresis Current Control) 1L &
o TR 4 B R 42 4] (Predictive Current Control) 04145 £ & fi 422 4] 77 K, [67],

EEEmER AT EF N T RAHARN R ERNEE, 555 EHRTHE,
Lo B AR R FE R BT R, AT S R AT mor R R AN,
HAPARAEEEFI, ATERERSEE, A BLEEL R REERAT.
R, ZEH TR EFRFLLBFERIAFERANBRERERA: S5 AT
058, RALEGFERBERT . XM, ELETEHEF, B THEELBRBEE
FIXE, KRR GEARELERESZLEEANEA. LB FEHENF, T
e XA #E A& 0.25~0.5 LLE 0.75~1,

AT G—#A L FEM PR RIRTG S, AXTINERTT AL (Effective
Switching Frequency) &% % 7F % & = b (Effective Duty Cycle) # M4

EWFT AL R B AR B I X T 8 R R A AR AL IR BT A R B AR
U= PEEENF, E—ANFXARANERERFER LT LEMN, HHEERF
KIME R

eq =2 (1.1)

8



% AR L #ib

e,  ABGHITITRAE. £ F BFRHRSE, AEROTRART R0

eq=( —1) (1.2)
TERLHL, S 50TT K BB A -

eq :%q (1.3)
ElERLE, RXFRTREZNAE-—NFRITXABN, TABHEFTAN
IR 5l e, JE A R B JR] BT o e PR, B

=24 (1.4)

e =~
HEH,  oneq NFREHNIT KRB 2155 H K20 kA F A E]
ETEREX, TUR LR FXHBEFHREERG AR —REA: BFRI

REZWIHR oq>05 8, RGEEHNKIEEIKR T THRE R E.

A8 P BT A e 5 P R R M R AR A, A RIER L E S Z AT 0.5 & THIAR
AT, BEFEIIANRFAME UG KB HR T BN, L8 FXHEF, 54
EXPAEREZ LR ENNREIET, CFEIAMBEAEREBRAZRE K,

R, FPEAMEZZER TRAR R K E IR FAR, FTEARK EFRTE
AR HEE . AEERREFERT, WEEERENTHFAELERT
HWER. AR AGE, AR F  ERERRSNEERREHT, CEREREL
A& WA aHE T, HISMFI NG =5l g L2 I P, 4t — 1]
A, pAEET A RRERARTE: — R EWRTARRSFEAFINMEE,
MEERRERERTHEE, KTEAERZeENRET; 7 — &7 &N # T HE
BWATTRE =z ent @ FfE, KA CEEAN e, LA ERE, it
O, R R AW T AT RPAMEZ R A B H 77 ik . o, W] DL 3T R B AL A R E
BEFINTRE A RWL R IR RET ES GEF, WA RLE ARG 40
BT, AT ENTH.

AlEERERE A TERERAEATETWERBERER RE., SEHEE
RERTE, Zreeg M RAHT R ERERNAE, FHEESFEHTI
B, YR TERERRSFERALIT ATE, AEIX &2 LR =,

HRTEERRES, SEARERAEXGHRAFELEADTRNRE LR



% AR L #ib

Ro HREH, ELEERERTET, YERETHHR <058, FHIENK
WM IR AR E K

ATAEEREFNES TR ER TN, EARKETEHE 2009 F4£ ==
F Buck R # & R AU T, ZHAREREE, AAEEREHT, WERA®E
ERURIE —Zo a8 A HEANL, ERINFAHEEAABENELT, B4
TR 40, ZIETEFYANZUNEEE, AN ET EHHFER Y
Wy AL S AT RN AT 6

MEE B R B, EUER EE— SRR T A B ISR B R ERY,
HERYEFRE ZETWRNBEFMARTE, AZAKEH T 0T HEFF
B, XAARERINN, FEREECTERERTENE, LAFMIREEE— -
B bR Y e e 2 e L B T B, AT T AR — A5G ROAR R AL, B e A R
ZZF R

REwit, AARRMEEETAMATESFE LM, TAEERERTY
BEABEEERAENAENERZ RANE. 2 HHNELRE. BRARETH AR
FUT, ZERHAENHWERCER AR AR B AGFE T EHAS, Eit,
BEBREHEZE P ERETREPNEEHENEHRTEALNT, HTEEHR
BREAAESIINRIERTEAEEE L,

A ERER R ETHRREFTHER MG RS, HERERER LTS
RERESEZERFATLR, FRE—ALETHAH, YEaREREEET FREME
B AW %, LSERERAERT TRAEHFEF X, NTERRBELEHTEA
W, EHAEREARERET . XHER T ELFELEPWM AR E, BT M EER
HEFEFR TR, RTFXAEER RS U AREHRE ., AT, W BREZEH I X
WELE R, ZIEa#gTH (EMD Rt &4, A mRESRITRE. Wb, £5
W Bk % PRI, BT AARSKEL v, BRHEBELEDERA. B, &
KEEALZEFRGEET, BAWNERESREFT AR, X EEAEEN
FREAHR, BUELMmEFRNEL T LA e EHE, THRESETEE T I
RA MR

A TN AR, 1 A T A A T F (Model Predictive Control, MPC) B A,
RAFREBNETHIBEHKLEREN — KRBT E. BHFERAIRTRGE

10
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BB ERFER, FRARKR DRSS NTRAHARESHATHN, FETH
1 B AR R B B b BT AR A SR &, T 2 I R B E B AR

fo bk gy =M R R ER T TR, IR ER AR AN
XBTE R IT ROR A AT I, AR SMUEAER (wRRIRE. BEREII K
BPAREE) KA R EFR AR B, AHT ARG EL X ERL AT EIAL BERMENK
=H, AAmAEER., EREEEURENREFR R

HA SR FRBBEL—RRARFAEL M RORSUR R A B EA &R A
A—RRAMAG, WENBERENTEEETRAEANITERN L EZHB XA,
ERTHME R RERT LR A BFERFFIANCEREEEREZT, LIHRRE
w6y B AT A R, AT EER L AS RITEF .

MW, ZHEEERMA T OFE—RRRE. —FE, LEFEEmHEZRRT &
G ERE, ERRZVESEIINFREZ, BN TL2EF CERETHERR
BRI WAL B iz E | LEEERNE; 7 E, BER TR, TFRRAL S
EREHEK, RPRTAALEDERS, dEMSZHRIREREER. I, T
EREE TETRERENE, AR LIAMLHERERRE, XEHM. DEAERF
ARG I — =K

1.3 AXFERRALX

AXEZERBERENEH. GAREENFRREITHAR, 207 ERBFENER
FR, ARUBIAFIN S B FHARRB I REEREMRA 2 —FH, ASHD
TRATZRF EasTndlEaenzdf e nEmeLd e e set
BARBHTENRR. ET TR RRER T ERANERRALH, AXRET AT
T3 35 50 B B AR T RIS R S, R T SERAAALBATARK, LR BB
BRPE AT T RADMER T AXNERFRAZWT:

g5, ASCEF AT B WA AR R A ol 7 7e & B i JR B U A LR
BRPNIE 7RO, FARENEFE, AE. wHREREF A EHNRS, &
XFEWTFINZ B FRARGAER 2R IRAE A, DUk 50 g ke B A s 5
FROFEN, RADEFESGERERE . ARRL BT WERE T BSNWRAET, &
X#t—F R T TR RRER TR, AP EEEZIREA PR ATE S .

11
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R, AMEREENER, MEEFR, AXEET Z R F SR ALBREEY
RN K. AT ENHZPD BN EE WL ER, KX T FRMKB A EH
TS R R R N R AL T KB R AT B, VA T U R IR AR R A A B LR
BRI T E, BRYNEHMERTET VEREEENEH IR FREREL IS,
AXFEUTER: BERREHAAERKAHTAE —EWEEXERT, EEER
AU T LEEAAE; WAERREH NAATF GRERL T LR K e EHH.
BE, AT LR WHER, AXRET ETAERREF OHT K ERER 7 E,
EEMATRERACENS B PR RE. AT RESERIIEREES R EZNE
B, R AR R TG L R R A B [ R
wE, AXERET ZRHEAN, AXERFRHATT ZRRIE, 2477 Tt +E
BlehE AR, FHR AR AR R G, 4, R B R AT RS E
BRI IR, A LR RIE.
wWE, MNeXHATRESE, X EERMAFAETRE,

12



% ST AL 2 TREERERT S RARE

2 FEBERER T WS EA B EYERRSN

2.1 %5 LN LR R R BT R R B (] AR

2.1.1 BAFRJER A K

HEERTHERST, 2P EREXRETE B AR ENSFETH NG
B, AR RECEEHHH 00, AW, SRERTEELEREH, EAH
EL AR REHEA, WwE 2-1 0%, SRAL T RECALZOREN /B EHE .,
AEAGRETEHT, SRTHAXARER T ESHPHER, WEEREEELL
B g RARNHE; B, ERRAGEEEA, BT RAR TELEATI R mR ek
B, e EREAZ A HE— 5 e,

ngc p—

(a) (b)
B 2-1 KB RAHEE Y ENTTKE AL
HEMANTHEARSES 7 B TEEELEFIWENRES, LLERKE
KRAGWRAZEHE, BpEtaF K. B, X/ EE &4 (w GaN = SiC)
W7 e, BTHETERRRK, ZEAFHL—PHRA, ATXNRGET U ETAZ
o B, CERAEENRENENTRESHFLZLETATEEZR N,

2.1.2 % E- PR A
CEEABENIHEREES S BT REEN ML ETEN . EERBELT,
ZE B ERNFEELANNBHET, S8 FZEHRLTBHEELAIXR, K
AR R RS, BT ABSEERNE ( /), ARERGWEET
# (EMD Mg, AT, U KB e e ERELRITER, FEAWEES LR EHH
K, EeFZEWEERRA LTS TN, FEHHEERYHAEE,
H—F o, BFERNT—BRaEREN R REEANKREN, AT

13


wu xinke
图中部分字符太小，不协调。


% XA A 2 TREERERT S RARE

FINFUNRR G & KIE B 2 &, EEIEE KA (Total Harmonic Distortion, THD) &
W, FlE, AT AEEFZEEERTRELERE, HoeFHELBETHNE
EREEHA, FEAFEERME ( / ) LA, NihEHisEesE, #—F
AR Gooy e B T EE

ERORERT, SRR RETERMEN, Mo TR FARTEANET, £
WHETFERRIAARKEFEHWSATHE, ATHSE S 8RR e E R
RE RV EFENLSE

s st o BB e A R AL 2 X SN AR AR . e, A RAL R S
PR RTINS R K Rl s AR R R G0 U 2 5 e R R AR BT REEL, SE T RE
FERAZFXMEREL ERY, X P PmASHEERBRELIN,

Filt, WERZEENITARAN 2SR EREREYRE TR, Lo iRk
MR TRAGBRERF LN T EADRA S . EF SRR ENRTNE, £
FonmE S BT E G RRRF R
213 RABAE M ERE T

KEREARESHERRE L BB NN EMER S, EH T REFRSE
HEmETERS, NI SRAGRBEE P, —F ', THHEEERHARTIT L &M (o
FTREFELTRRAN), EAXNBETWRHERRLE L7 Z—7 @, BALH
B S 2 AR A 2 3 7 5 38 45 RO 2SO AR

Mot ERAREEEZTH, ZAHEAR 2% — 5Kk, R zw EHHFkE
ERBEEAGBETER. AERTAT, I TRREREBEERA, VEREELBEITH
TR I F A L B AS 2 18] 7 A N Y B R SRR T RS AR, R R B R
HAFEHEERRA, ANTSEREEEEREEWHAL,

A—JE, ERETAT, B TRREREERD, 5 K=K,
HeFRTEA TR, EREEREEULREE. FAZAHSSFELX (DCM)
T, RRERFAEEKATHXE, FLHE ERETESERRNEER S, #t—
FHIET B EHERE .

Eie, YERZEEIHEFACERREERTIATHTEME, EEAER A
TH: BEEAHFTEEZRTRTESTR, MERFHTURAN BT FEBK
ABE. NEBRAZKREWAR LA, WHWEezaEmEATEEZR L.

14



% XA A 2 TREERERT S RARE

214 RAREESEHNELER A

CEEEBENIHEARN ST MR EENRSME, T2 R G950 A 5L
WEEEEDH., EERABALT, CEEAEENESELE (A B ERAER
B) REFRERERKEEZLFEHME, NTRIERZENE TERASZEZIFEL
Bo AT, SREREEEFERY L2 AT NG, ZASKELRE X 2| H
A IES

— 7, EAEERESBREELAFAARESHNNEREELf, EFZTERT
R R GRS SRR R R AR 2 E AR, AT R (R AR ] SRS YO
W, m—FH, BEIHE 2P REECERAENSARBFT EIALANME, 2%
ER AR P FINF S B E R B E S, H KSR

NER ARG AERE, CEEEEENTHETEZAIN—NW e R SH )
TE. BTRRENHASZNBEFT BT EHXREE (e KB WENEE, £5F
EHEEZEAN A LHERENBEAERR, ZABAGANTREIFRRAAERER RS
BAERTBE, ANTE—ERE LREAZWASERE.

H—FWME, EATEFRRAT, ZHIERESZETHARANBREREFAEZ
e, Fln, ERGESHARSEHE ST, B EWNTEIRET 7|2 R G b
WHARRGEE TR, £FL2TAT (WERAREEEIERLE), 5T WEH
ZHOATRARE, HASKELRHA—FLE, £ LAPZHEMHAL,

Fib, EEAFERITY, FEASEZ R WE BB ENSFE R GmN 2
v, WA EREE T ERAENE, REES AR SHRENTAER.

NEBEREA, T EEREEHENEFRAR T FEELZ ARSI,
TREBEFFACERZEESNE LY ERRRE, fln, TR ARSH
BB W R e, BT R A kB AR AR R R B A, AT AR 1
FEMEEREHATME. LRTERGE-—ERE LR EVELEWEEL) M, I
RARZRGHANSRE .. A, ERNETFEL w9 o 5K o B i F 3,
FEREHEmE R, FRNERBENZERY . XL EHEREEmEKR. I
S, % ¥ BB 2 B 09 A8 AR L] RE R OR BT RYAR R M F AR, M m R Gk it 5
E.

Fib, NRGEFEREMHAEER, A ERZEENERLEFEEREER

15
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RX. TBERME, REEELTIREAREFRNERLT, KEHRIEHEEFK
AL, EYEREREETE TERSTESET FH. ZAETNEFDEEHNL
BEHRAGEN, BEREAEAR, RTURIERTEZANHEE, RE AR HL
RESRENE, REZRFERERREVIT PO RBAR T HZ—,

22 BEBRRERT WS EABENERROHT

2.2.1 WA AR RRAE

I (8 B, ¥4 (Peak Current Control, PCC) 3 3t 72 4/ IF 5 J& H vy %T B, R B, 3 1Y
EAEHATAM, 554 mmAAT IR, LR b 2R B E B Al & IF % K0T,
T S2 FUA T K B (B g T, R R & L

BRI T EEE R AR EREN,, EPARAEEEFR, AT HRETHEEE
FAE KBRS A E; AR RN, B R s A B AR, sE I
BRI, B 2-2 Fio.

—2 PS-PWM
—L— <

Slope
Compensation

B 2-2 = e K e Buck B B B 2 AU AE I
U fE B R A R TAEIX 8] W& k% Rk % (Subharmonic Oscillation) |7 #7,
TEZHF Buck T# B+, ZIAREHNEZBFHNEEXTF R ETHAT 0.5 WILE

16
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AW, GE5ZWBLZEFER, AAECZARBTIEFEZ~ERHER, AT
51 R KA B IR o

AME LR REAS, BEFEEEEINFERNEIRSFEF ISP A
(Slope Compensation), FAKT &, #it&fm—E LHBWAIMZE T, EREERLR
AREGENMT X AN EFIOINARTET RS, NTKRERZHHSFEIFHRK
B IH IR o

EIANRFEAMEE, BERREFNNREITIECEFIHERE, CLRGEERH
EHE RN EAARTIEAT, B, Wi E 35 A Bk F, W R 12 & A
ANREAME R, AR EIANREHEREMLY K.

NT=wFHERE Buck BEME, &MASERRERNN, RAGRIEZ
oh, WERARERTERHERAMEE - RREM. XERN WERE B Er A
RETREBEXRARANE T REHNREEN ISR, R2PREEZNHERYTER
BRI %, Fit, OAEH S e84 52 JUARE S Ol B ik 37 89 A T IS (B
HERE SR W, BDFRH—FFEHLI I 5 i [F iR

Ao, FUBREIMMNKFELY, FREARLAS EREENR TEES
THRAREIBATEELN, AMAREELRERNFHFT LR ERETAS
BAXERS, UREHERRZBLEZZH,

222 EERRERTHERREFARER

AT E i E W R T B R R = P IS R Buck XA T THENE,
AEFRMBEINEREAIRE L, FETERSHTX . AhTE, £ X
BN, ZwF i EE Buck RET o4 WA BA THELLS, wh 2-3@)~(d)Fr.
ERSHMTRNTRAeREBEERR, NTRET BRERE LI 5 TRAR,
EEAMAET LRESRERTRIT, URILEFRZEHLN ML ™8 %,

E}Sn

SZIL
Vg — ch:

17



% XA A 2 TREERERT S RARE

(c) (d)
B 2-3 =P k¥ B A Buck B AL A
ETHE 2-3 FrE Xaq W F TR, o Dk — S AT @IS ey i %l T A KT,
BEFXTEEE | BRER SEFER , URARAEAFXENRAET
BTV S11 5 821, T =®-F Buck Z#&mMs, §5H =052 NEFEEZHLR
TLE. EZAFEFAM, RHBEZSSE5RFANTEESHERERMN, XA NET
W 2-4 FroRo

0 > 0 >
' N '\
> 0 >
7 N -
0 > 0 >
(a) (b)

H 2-4 BRI T =8 TR B A s R E T A
(0< <05(0b)05< <1

5 # e F Buck BE KM, AT #E=8F Buck BEEEREZHLAT 0.5 tvia
H e fw X T RE S SRR R IEAT, FEIIAAPAE U F KW IR . T
e FRGEEME, AP EZERE TR R AT 7 EHATHE, HERSTER
FTEI B R B B AN B, FFaTzbsiEE TR A ANELTE. LRl
BE A E) F AT R ORET, AR TRERS; R, FRAERWES, WKARZHFER
WHR T ETZRAWRSESRM, TUREIFEFIFNR DAY AMEE, — B FE#H

18


wu xinke
图中字符太小，图也可以放大一些。
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wu xinke
icf这个电流之前图中有定义吗？

Huaning SI
图2-2中有定义
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wu xinke
每个变量在文中都要有定义。要么图中，要么文字定义好。在公式后面附上定义或者提前定义都可以。
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wu xinke
IL还是iL？文中变量的定义要符合电气工程的规则，并且全文要统一。
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Ops(M = 0.26) PHEBHRES]  opg(M = 0.74)

2.0/

1.5

Op~
I ripple 1.0/

0.5 I' P

!
Opo(M = 0.02)

Op, (M = 0.5)
o Ops (M =0.5)
0 0.1 0203104050607 082091

M
B 311 B ERE S SR m s TR R E RS B a 2 AE002s < 075)
3.4 B35 0.75=M<1 TR &% 8%t

F33FHILEELEZH 002 <074 BENHY, AELFEE M B EEY T
N =074 REmESHNHEREEEAEY, £F32TF, CERITHEAT
05 <=O074MER TR, £TH, A #—PHETHECENMEATR, ATy
e AT e R A Y E PR HATIE R

B 05 <074 X[ENEF KGR UEFEH, Hm FRTEH—F
RAWZERHAET: TXTEEEREN () BT & A8 % 286 &40 IR,
HmAEAELFANTT X AL, B

L <048

Y () EAREAE LR Z LR, FXFTEEEE-MEAHANTFHEDLE
1% e ] S BT RE S I S AR, T e R R R TR AR SR A,

MHENELXE, FEXLIETNHEEENS:, ARLFEH IR
TEREENTFHE, RRFLTEMGETFES (B (@) ) whth, A, #3H
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AEOBESHEFAEMT, ) BEXNIEANFAELH LR, #87 RELAEXIAZTHE,

R, ARILES R GE T B 5 X E ) e it B & RO v Stk 5ARE I,
BEFHEREERAMmMI Rz, RAFEMU 06 <074 KE ArvEH K
BN ERIATY B, BN RFZEAATEE, THMREE BN FETE. RtE
Y e R R Y B R A ] 3-12 FoR .

d a ¢ b a ¢

Ver V=V

Ve

Bl 3-12075< <1 B9800 s B8 5 I AR R

WAEE 3-12 e ReEmE LA UE Y, 5FF 06 <074 X5 K XA
WAL R G R, A TH-FPRAMEEEEE, ATRENERNTENSS
WHRWESHEHRATT B, EZmE R TEXERN, XX Z&ERER, FIF=
MEXSEEANTFTRAHNAGRLE, ANTAGEFESEREZHE S L=,

AR | S o T

B, FATTRESEIA (A BE, EZEST T & ER SR AERN,
HFHEEE L HERER SEFER BRXRRE, Bl - RIS

e
el

HR, EZMESERA (@) BA AT AT REERZBNES, LFEME
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TEMEIRE, MadELy JEINRXARHFHZ, B
at 1= — 3 (3.20)

BT A BEEME, B DURIER RS A A 2 fe O F R, KSR R
FIH T B A&, ZATAAENREER. BT, ZRITWER () BIRS
RREAWELEZE, AH TR0 EELT.

WE, BEAMESERA (o) BA, K@ L giEd 7 Z 89kt 7 %,
BA—MRANWEZE (BEA 3=002 ), ZEERFIETESSRNTESE, &
AREARK R RET RIS,

A 3-12 IR EF RGBT, () EXFREME (EAPEREEEER
WAL E, BT RTREEE—AIT XA NFHENIN, TUFIE e
E#E 5 ZEBRRRA:

=049 + - 3.21)

ERRIZATE, ARG R RN TR FNR, | WEREREA:

05 < ,<098
BERN ERARERX, TUFENZER RS TR e ER R EE Y.
074< <0098

Boh, AR Y B B AR R Y B A TR, AR R SRS AT T | N A 2
M. ARfiE, NI REAHANNESIUT A -

S_ANTFREAMAZE b) 5 (d) EAWIT, £H

b, %E 3-12 IrwER Rz, TUZIAREeE8EAE 074 <
098 EENHWREIRY, AME#PEERERNt—FPEEZSHAXE, DEHER
GEERTERE. SHEN, Z7EEXA e/ TORERE, MRRSRE B
ZHEREABE RS, FEIESHEHREAIT RMENELZAT, KW T EH
M5 R GRE M,

AR b, RAEE 3-12 X MR G REE, FAE a R R PR B R R FE X R,
L — P e R R e A XA Y R AU B M e R A R K R
i 3-13 Fronm.
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Ops(M = 0.26) TEEEATIES ope(M = 0.74)

2.0

1.5

I ripple 1.0~

\

0.5 :I BERFEH

\\|
Ops (M =105 | Pio(M=0.98)
0 (? Op; (M =0.5)

0 0.1 02 0.3 04 0.5 0607 08 09 1

Gain

/

Opy(M =0.02) :

B 3-13 B EEFREHLEERER THERERAKESHZ X AE002< <098)
B 3-13F% BT £ 074< <098 XI& W, #77K sim s fl T R B, U S0
TAER, FHESHHAEBEXE (002 <=074) WERH#HATT FRAE. T
EFH, BMNTHEGCEAERRERXBE RN E RS LELEY, TEERKXEZELF
ERAENEE, ANIRIET AR ELCEETIRFH—BESRE K.

3.5 RENE

AFES =P CE A Buck ¥ E 7 T 0 0 B N A TRV B AT, AR
GAERRERNELF TR THERERIKDNTFRERLZWARE, £ET
— A Ak T 7Y IR R U R R B TR 4 R SR

B, MEE TS WA, XA R X T R RS A 24T T 24T,
AT EEFE SR RROKELTE, AT ERAERNEEARER. £l
Aap b, MIAFIAMT K ERIAF 7%, TEREREVATENEY, FEHER=
AR A BRI HY R, AREFT WRSCKBE, RILT A E =R
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BT AT M

HOR, A3 e A B R, MR T TR AR A R R e, B AEAE
PR AL R BESIF, ZAETERAARE LTS A, WTELFER
Sh e B R AR E R B E T 2B B e A e R B AR

#—F M, AR TR E R F R, A A F A KR AT T o B R
BRI, B ESA G R PR QRO MEMA, EFEEXELI 024 <074
WA EInAT; KR TEASL, HRTHEHZXAZE 002 =026; @i
REemeFRESEL, #— PR EHEXEY EE 074< <098, FA, #iLHE
AT HTING B BELR, ARMBRT MBI RE T FENRAANAE, ERT
A3 55 3% B A B U AR AT

WE, AKX A EREREEERTT Lo, EREAELHENR
HRAEENEESE B, TREFRARSZAIFERALRE. ERIEASRE
MEEREEERRT, AR e sl & LE B 8w R o0 A R, ZI T 4
B ERERENLERE.

L EATIR, ACSUIR W BB R U A R e A S B e A R T X E
REBUREFRZIAELENRR, LIT 002 <O098MEHFAEEEY, ¥ £
B ROES R AR R B TR B LR PR R RO R T — MR R AR R T £
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4 BT BRI E R

4.1 =8 F B HE A Buck BB HNEE

REF_FORITERE, AAXRLT — LI 002< <098 FHu i
B R 7 B B Y R AR k. AR B, BT T — M =8P E B A Buck B
REEREZEONE R E. BEREERSHI TR 2 R,
# 23L_FC Buck # 7 B 5 il FE AL K 8 5 4

% ¥ ¥
S 240W
N 48V
W E R R E 1-47V
oy & B R XGL1712-683(68uH)
BB A MPD150M1HD28040R*5 (75uF)
IR = 50kHz
=& & TMS320F280049C
B LA A ACS37030LLZATR-020B3

S8 —F R E AN RS EERERRIEEATRE, #F K EREE T e
BRSO IEE R AR G AR ER AT E. 5T #REH 7 E EAAT I,
i, R LR SR BN B KB B T B AT T AR R B, DU T A AR R 7 B R R B SUK
EAHE. B, HFTERX—&MA, BPEEREARIEFNNERERENERLE
EMERFNERENARE, EMEBSERF B EERRITFET, Z&F
FC 5% W3h 2% & A 303W/in’,

THE RS

(a) (b)
A 4-1 Z & -F & B Buck B EFEHLE
1 (RAL = R B A F] B 4R T AT R IR, I 4-2(a) 5 (b)) BB R T £ 48V 1\,
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20V 5 30V @ T eyl AE, & 20V B e SR, A PWM 6 T B EREA N
98.7%, T A6 T o B R A5 A B IS (E AL B K 96.7%, T E 30V S H B i, 44 PWM
EH TEERFELN 99.3%, T M EIRE IEEREA N 97.2%.

100 100
98 29 \\\‘
o5 98
. 9% - o7
S 0 & %
¥ #
% o0 & 95
94

88 - HEPWMizH
- BTG IR  TAR

93 - THBEPWMIZ
86 92 R R RS

84 91
0 2 4 6 8 10 12 0 2 4 6 8

REER(A) REBTR(A)

(a) (b)
F 4-2 MINEJE 48V, TFE#HHEETHEMNREKE (2)Vo=20V (b)Vo=30V

4.2 3 X 8 A ARAS T S e i

4.2.1 HrH ) 0.25<M=<0.5 A EE RS TR

HIAE 4.1 F AT Z B L E A Buck BEESF W ERER THWRA THE
PERE, RWHATTHEERRIE, EZhd, WHeE/EEas 025 <05 mENW
LR K wE 4-3 TR

W 4-3 %, ZEEHLNSI MR EERTY, ZFERP A EREEEEY, ¥
BREYAMEEERTY, AEREY A BREREY. 8 4-3 %, WHEER 24V I
BT, BRBATLENEREREY NN EEST . AW, EZRF, @ T
KERAEENXETE, BRERESMESTWEEREZRFAEN, FEAEANA
HRAELFEHNEST, MATE-—EHBE.

WLA Ihk J; " t Ih .!l ;‘ -]

il

b

wveerare ] ¥

:

F
F

g \*\/P“' N

Vef 5p0mV jdiv

ol " A o T N ™
W i e = i ==

Vo 500mV [div

LT\ !

10us/div i, 14/diy

B 4-3 B0 F ] K g T A R BV (Vg=48V, Vo=24V, M=0.5)
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USRI I .
A [ [ o 1h | deede | R ol el
]L J} T ..'! 2 :- | : ‘K JH 1 II: d & T : g Yr. J F IM
S1h 5V/djiv . . Sy 5V/djiv
P LA P i i EE RS
N e N e N N
Vcf 300mVydiv Vef 300mVydiv

3
1

Vo 300mv)div e

Vo 300mVydiv

NN NN NN/

i . i, RA/div A R . v
z) 10us/div . 10us /div i, RA/div

F

(a) (b)
B 4-4 BV EE e T A X BT (a) Vo=20V(M=0.42) (b) Vo=12V(M=0.25)

B 4-4 (a) BT HEEEN 20V EEEY, M, 55w e EEmeeh,
BRI SUKAR LT 4-3 A, B 4-4 (b) BT HMEEEN 12V BHHEF,
b o R A vt — RN, BB R ENHE AN AT RN, A, &
THRERAERMNHESEET FXARN—F, BEREREVERETH=ZKE
FEXNETY

TSI R A, REE R s R R, R IR AU R A, JF B
MEREEAEFRAEZETWEE TR, BREREPEAERTENL, RABDE
LU T2 ) 7 B A T 9 45 R R 1
4.2.2 % JE 0.5<M<0.75 335 % B AR A TERH

EZ=W 05 <O075%EN, ZREFMwE 4-5 fir. BF, ZEHEFH S
Wz EE Y, ZERYAKEREBERY, BERP A EeEREY, LEeRb
Hy B R LRI Y

L n | .
e e | A
: [ ' S1 5V/‘£ 14
e - e - "
Vef 5p0mV [div
Vo 5pomV [div'
T 2 VA Vame NV
i 10us/div iy2A/d{v

62



% XA A 4 TV I AE ) 4R S B

| - v de, L . f g l
R leﬁleﬁ#W‘Lﬁj = =
PR TN s L

e

| Vef 00mv)div " o Vef 500mv fdiv
. Vo 500mv div | ) ‘ Vo 500mvV/}div
T Tl - a
SN/ N TN TN INVIN NN A
“i: 10us/div b ZA/#V By ;Ous div " i ZA/di‘;
(b) ()

E 4-5 B A % THAEF (a) Vo=24V(M=0.5) (b) Vo=28V(M=0.58) (c) Vo=36V(M=0.75)

B 4-5 (@) BT B EN 24V BB, BEKFIT, L6008 KEmEND
RLA B RETEEMT o AT, SEFF e, BT VBB AEESH &M EST B8R B
REW R, ANAERERFEHNEST, MAFE— Tl

B 4-5 (b) BT E N 28V BT Y. Mg e EEm v X, R
MEISCEA LT E 4-5 () ARr#m, &0, s AMEeEE gL d, B~
LT B 9K 5 9 B K

B 4-5 (o) BTt BN 36V BBy, MA, %t il s B ph /K 3
FEETHEE ER (94075, e, @ TEAREREFANESEET X EAHY
—, BREREVENR=BEEL M. X—ANEXH, Y /E8amEa LR, &
REREHE R AN, EEFRRGWEATRRSE TR,

4.2.3 W EE 0<M=<0.25 ¥ 5 HEARSTHERFY

EHEEEEE 0< <025 BN, ThEHE 4-6 fir. A+, BEHEY
KA nMBFEEEY, ZFERYACEEERERY, ECEV A REEERY, 4O
BT K R BB T

|

p—
e =
p——

H
i

11 SV div

Vcfl 500ml /div

Vq 500mV/div

V o | Y LY | odjan

(a)
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电感电流符号大小写统一
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S11 5V /div

Vef 500mV/div
Vef S00mW/div

Vo 500mV/div

/

500mYy/div
- o~ fo ~ - . ol s e o
™ T~ Ty N .
10us/div i, 24ydiv 10us/div iy 24)div
(b) (c)

B 4-6 #H i EF K THXER (a) Vo=12V(M=0.25) (b) Vo=10V(M=0.21) (c) Vo=1V(M=0.02)

Bl 4-6(a) BonThrdER 12V BB SZI o F . Shi b i o B3 2 A0 T 125l
FES LRI, BREREPHRE T =MESAESE TENEL, FHiEEIE
B RN = B AL NRE,

Bl 4-6(b) BT EEEAN 10V BHERHET . ME L EHEm st — P B,
W R BRSO AR BT B 4-6(a) A BTN, AR BA 7 1% DX ] A R RS T S S RUER AP 22 3R R
AN, BREFEERZ T,

Bl 4-6(c) BT EEN 1.5V B WERFE Y. o R 58 g%
BERZETHTIR, 9% =003, &8 THERFZEFF =B A o8 Z#8DNIF &
KMk, BRERELERENZBERZHE - FEUAREATMN, XRAEKE
mRREE, &5  TERSEE R, BRERBEYY SO 2 & £ N,

LM, £0< <O025KI[AnA, kxd e EEmr e, B_RERIKE
BN, HEEAEE TR BB EATERY, EhERGHE HERE
B E B AT —

4.2.4 B EE 0.75=M<1 ¥ 5% B ARAS TERY

EEmBEEEE 075 <1 BN, LREFWE 4-7 Ffr. BT, ZEK
WABMNEERT, ZERV A MEREEETY, BERPAN CEEEEERTY, LEK
Y A v R BRI T
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11 5V/fiv

| vl |1 -

R . T ] ver sooh%‘f‘

T | - l:- : o 1V/t£‘_'ﬂ

S NN NN

i, 24)div
10us/div
(a)

W n ] [ I D

Syt I Bl ) A

-3

|

u‘
-+
NN N P D g

10us/div

(b) (c)
B 4-7 B S FeE T A FEE (a) Vo=36V(M=0.75) (b) Vo=42V(M=0.88) (c) Vo=47V(M=0.98)

B 4-7() BT EER 36V EEREL. I e a0 T 256
FENTIRME, BRBRESNT = MESEESE5 T ENEL, FIaes 0 e
ARTEN =BT NAFE.

B 4-7(b) BT EN 2V EHNEZREY. BehdeEgmt—FEL,
R R SUH AR T 4-7(a) A BTN, R IAEZ XA A B R i o SRR A £ F
RN, AT B L VA B B P B T P

B 4-7c) BRTWMEEEANATVRNZREY. KR HEEE B0 28T
HERZHETHWER, 9% =098,

43 FATRWEBHHF

4.3.1 M=0.5 QA8 v EH 3 FAH m THEZBHFR

BT AT RPN BT B S FERER LB E 50 BT R Ed 7 £,
F A SEFEARER T RZEER R, B 4-8 BT EEHAN 05 HEE
W AT = 77 S 1 e Y B
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M=0.5 SBHIRRIS M=0.5 WHEYIS
S I — 0.25<M<05 0.5 <M <0.75
MWMWWMWM Vn:5V/dw
‘ v, 1
s N o il i A YT
Vey 5V/div
MVYVYVWAMVYWIMAMAAAMAN

P100us/div

(b)
A 4-8 M EHmEA G mEr =05 LM EH 7AWk X KT

B 4-8(a)fn [ 4-8(b) B R T EREEH/NT 0.5 ZHHAE AT 0.5 B vz
#l R, S A A ERNIFIHREZ], ERERIES, WABREH 30V E
HIEMRZE20V, MEEERFEN 12V, WHRLEFH L EERAEEL N 300mV,
Xt R AR E A K 2.5%.

B 4-8(b)F R BRI AT LUNE D], AR B AR R AR
FERRFBHALR . RSN, ZIR TR G T I R BRI BN, iR
AELEAWREREZEN TEREREARENZ WA, NISFREFER T
AAE RN I KK,

AT BAEERDAHT, #—F R T HHER. FREELE TR 68 uH B F Y 33
pH B, FE e R o RS A N R, HAEFHT T e ERH
HANTO0SEEEATOS s, EhERWE 4-9 fir. BE 4-9@) T UFE
H, MWAETHERERAELNE 4-8 FHFE, HHE 4-8(b), E 4-9(a)+ ¥ & F & A
R ERA RS R EARN, KFHAARNRERRAHAAR. ZER

LERIAET B AIHT, BUE SR B IRAUH BN, RAIRE A E RSN E
WmEE, ZrEREATHEIEFHERLNLE,

M = 0.5 VEHIIRFIHR
0.25<M <05 D.5SM<0.75 | |y 0
—— R T T gy o NPy

V,[1V/div
,

L

f f/ﬂﬁ*'mﬂ_\m 1A/ div

V. 5V/di
B~ o T s g : |
2 20us/div|
T, 2T, 3T: 4T
(a)
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图中说明文字改成中文
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M = 0.5 FHIIGFH5%R

: b ¢ a . d b ¢
. - : H .
]

(b)
Bl 4-9 (@R RRE/D—FZ Ehd e EEmRA g e =05 A7 XA X B
(b E I m Z A n et =05 L&EH 7 AT EE

AT Em O o R A M=0.5 35 H 7 R e & A E
B, R THENTETER, wE 4-90)fr. ZrEESHT V&R FR L
SANMTRAANESE MR, FAERRERENE 5 B2 8 E R AT
M7 o #E 2Ts B 20 HEAT 35 6 G FUF 14k . ZAARE LT, oAt B R B R L — & F
HWES; AMAZRER T, @ T HEREEEFE— LK, B e Fg T
BAEE, FIAE2Ts Z IR AN, RRERARBENE, RIACRERFE
£

AR e E S R 0.5 B, B I R MR RO IR SUR B AT R, TR
BOAE R A e Y ] R, 4R — b TR B A Y R R R U S R B R
o

W 4-10 FroR, EFaEBs ks M=05 WA IUF & az, 6%
LFTIAMET B2 EEEXE N, RERE S0kHz FFRMEEAT; £LE
REK, BFAXMEEREEEN =02 =, B4 33kHz, @I EITT XME,
ERFAERSHEER A RMEAGT, ZEXBNEREREBEEMRE 4-8 4 i
TREAL 15 &, ZIRHEMSCKAIE A, AT HE S E 2 RRFHERE

SINRHEFER G, FRERFFNHELEF T K =T RNEZETXR, 4
ARX AR —, REZMXE=, ATRFTEATAMELSRFAREES THAL
THEE.
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FEFGmEYR M =0.5 EHIRFETHR FEEEDIR

fs = 50kHz fs = 33kHz} | [ ifs =|s0kHz
IMMW : - i} viafsv/aiw
1 e P
‘ A, i 1,14/div
WA el ol A e Mmoo
1
1y i
i i v, |sv/div
7| 100us/div P o
ii— = XK=
A 4-10 IR ERER T Z B o EH i ZA 8w =05 A&H 7 X #EA R EF
FrRIARR
fis = 50kHz I fls = 33kHz
1
] - i Vi[5V /div
e e b ¥ :
Vol
e
W \/ﬂ\.«f‘ /w-—{v,f ._\:;1A/di17
|
! V. |sv/div
? 20us/div
0 Ts, 2Ts, Tsy 2Tsy

Bl 4-11 FI\ B E G 77 R J5 K3 — W T R0 2 4] A R
B 411 5E 412 4 A% 8 T RS~ AT AMET#L RIOEERT . WE T
DB, TS EENRERE SOKHz FFXAEER. £EERAFRTHA, REX
BT EMEG S, TR SOKHz BERELERENM 33 kHz, SRR, BT
FRAMEA, ERAGRSKATHAHET, @RERAKBEERT 5T L
K.

TR YR

[ b a b ic d ‘a: d :c; b ‘a: b K> d :a: d

L I Lt
Sa Tsp 2Tsy

0> — Tsa = 2
Bl 4-12 3INB# R AER 7 2B KB — WER 7 AR EE
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B 4-13 %07 XEZNWEXER. KBEZ N X ER 7 ETR AT E5E 4-9
FE, R EEEEE AT 0.5 BHB/NENT 0.5 B EFHLTE,

M = 0.5 BHIRFTI%R
fs =133kHz

Vin|5V/div

.
y U T v "y

i o S

__\’m__vﬂw ""'ﬂr"‘f Jayaiv

L

Ve |5V/div

7| 20us/div {

H 4-13 I BB EIEH 7 E 5 KR A I XAE MR REF
Bl 4-14 5 4-15 2 Al 7T KB = WIF RME TR LR NME X B AEF T
DAY, EAEXBNARRE 33kHz T AMFET, AEEXETTHZ, 2HL
ETFRMEY e, TrARMEw 33kHz #HmEH € XE A 50kHz, 5HER, BT %
BN, EHEERSE R TERGT, BRERSKBEMRRTWHRA DR

e ESIE
fs = 33kHz i fs|=50kHz
) Vin|5V/div
— e S
=S Yy
1;114/div
V|5V/div
& i i i
°.| 20us/div 1 ] 1 1
0 Tsy 2Ts , Ts, 2Ts,
Bl 4-14 IR EES 7 Z 5 KR = AT RMEY Bl R BT
pAESIE I
d a d ¢ b .a b dd.ad cbab.ec
; ’
e
e
e
L)
e
[}
c; i
D s B L : c s t
) Tss 2Ts, Ts, 2Ts,

Bl 4-15 3|\ R 8 E A H 7 2 B Kk = Wil 7 RO B B
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4.3.2 M=0.5 A Hr i v JE ¥ 3 FA BN TH LB KR

K 4-16(a)f E 4-16(b)Er T HHEJER 5 B AT 0.5 Z# BN E/NT 0.5 B #Y
BHRIE. SRR Y, MABREH 20V EHATEIV, WHEERFEY
12V, I Bd, Wl EERAZEL Y 400mV, *ANAEBEELH 3.3%.

M=0.5 EHIRF® M =0.5 SBHIAFI

M . <0.7 q 5[Vin> /di
T 05<MK<0.75 02‘55_)315“%5%
| A b
1.25v/mst Vi 5V/div AN
PRI PURTRRY AN TRRNI TWRTPRT IATTR T A ia v [j 11/
) ST T ayai
R seentelelfetellleld
AR & ' "”f f/L[{bV/di
AAAAAMVAAN vy
L100us/div
(@) (b)

B 4-16 % B 5 Z A BN = 05 AR H 7 X9 # A KK Y
EHE 4-160b)F R ERBEREM AT UEY, BREERAERHIAE 4-80b)FH1R
W R S IE, Ut BA A R A R RN B M=0.5 T, B
BT U R % 1R 5 BT AR R M
M = 0.5 FHIIRFT%

05<M<0.75 OZS#EMEEO.S Vi 5V/div

i 7‘ V,, 1V /di1
i,[24/div

Wt Wl o~ ,/M //
V. [5V/div

2 20us/div [

B 4-17 W R 5 BB/ N = 0.5 R #7748 < 5
M = 0.5 AR

b a d ¢ d .a b .ck b a b o.c d a d

it R T 7 R T r

L Qg2 LY : :

CQp1 : : : :

: Nt :

s B ¥ :

v i S 5
7 i o : o : it

0 - : .'5 - - - ;
T, 21, ‘ 3Ts ) 4Ts

Bl 4-18 %8 JE 98 20 FA R/ =05 = 7 Ao B E
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AT 25 A R R 3 3 AR BT AR M=0.5 FFIT I E R TR AR, 2F T
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