
第 18卷第3期 

：~001年6月 

控制理论与应用 
o0NTR0LⅡ正lDRY A№ APIPLICATI(~IS 

vd．18．No．3 

．1tm ．2001 

halteleⅢ ：1000一S152(2001)03—04I4—04 

Study on Stability of Nonlinear Closed-Loop System 

Based on Integrating Function Control of]PW M ]Power Converter 

LIN W eiming 

( 衄 曲t of日 caI 0 ng，Fuzhou um 哼 ’ 2b0u，350002．P．R ~1aina) 

HUANG Shipeng 

(0dl铅e of日 caI 0 jng， 吲l g u 。仕·喀曲 l，31co27．P．R c ) 

l墅 l皿 and CHEN Wei 

(D印 删 ofEec B ，呵iIIg． m un 。Fuzheu，350002．P．R．a血a) 

舢 m ct：With Buck eonvel~ter a．g an er,．~raple，an_岫嘶  c∞叫 lawis p∞ed∞realize 喇 

d m d stmtegyforPWM Ⅻ  ．To㈣ stable of nonljnear cl~ d-]oop system，stabilityof sys- 

tern b％ed 0nintegrateflm~on。 【is stud~ in恤 paper 

Ic坷 words：Slal~'ty；iDI f 雌  ∞ 锄 oI；clo~ -Lool, 咖 m 

DOeUln~t code：A 

]Wd／M 开关变换器积分函数非线性闭环控制系统稳定性的分析 
林维明 黄是鹏 

(福州大学电气工程系-福州 ．强舢 ) (浙江大学电气工程学院-杭州．31C027) 

l张冠生l陈 为 

(福州大学电气工程幕·福州．35咖 ) 

摘要：以Buck电路为倒，提出一种积分函数所环控制策略以实现PWM开关变换器控制目标 为保证该非线性 

控制系统工作稳定．本文对积分函数闭环控制系统的稳定性进行分析 
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1 Inlroduetion 

PWM DC／DC converters have I“my beneficial fea· 

岫 and a．rewidely ased．Itis veryin 咖 ttofl／rt~r 

improw the performance of PWM DC／DC switching 

power supplies．The cloud-loop dy'a~mlic ehardetelistics 

of a switchi~ power supply a．re largely determined by 

the conlxol strategy employ,xi．Theobjectiveofthe con· 

Ixol strategy study is：1)蜀I玎o steady output voltage cr- 

rot；2)low outputilI ce andfast rcspoi~；3)1"0· 

bmtness． 

Inthis p印er，thein a ngfunction conlxollaw for 

Buck converterisproposedtol"ealizethe objective of 

the conlxol strategy for PWM DC／DC eortYclt~'s．To 

en日m  stable opemlion ofthe system．stability ofnonlin· 

e elo~ -k,op systembased 013inte~ fimelion con- 

Ixolis咖 diedinthisp印er．The comfier simnl~tlonby 

PSPICE show ttlat excellent pc _0Jm∞。e can be achieved 

byint~grdaag flxnction contro1． 

2 IntegralJl14g function control law forthe 

Buck converter 

A switching power supply consists oftwo blisic parts． 

Oneis the power stage，017 the switching COIIY~I'~ ；the 

otheris the conlxol circuit。as shown in Fig．1。where 

is the reference voltage， denotes the combination 

ofthe feedback，and is the duty ratio． 

The power stage conlxolsthe power absorbedfrom the 

um~gulated supply voltage l,lg and provides a gegulated 

eonst,~t output voltage嘶 attheload．ThemainIXlrpose 

m im ： 州 呻  № Natural sci m (595"f'／0~) by脚 PI。v 删 sci Founc~lfllB(K2oco7) 
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ofthe control circuit is to generate a proper duty rado 

accol~ngtothe conditions ofcircuit SOthatthe variation 

ofthe output voltage is reduced as much as possil~le 

whirlthe supply voltage orload current changes[ ’ 
． 

For different oontt~llaws．such as direct-duty-ratio 0011- 

trol，curmlt-pro~ mmed control，ete．，the effectofthe 

supply voltage orl0ad current disturbanceis different 

Fig 3 Low frequency average model 

In the averaged-circuit mcdel，the active switch is 

modeled by a controlled current sc with its value e- 

quual to the averaging current flowing through it OVelF 

0ne switching cycle，i．e．，is aiforBuck converter， 

⋯i’isfneaveragedjnduct0r curl~ t 1k  diodeis 

ra~teldby a controlled voltage source w its value e一 

I】altothe averaong vDlt曩 ac10ssitav盯 0nc swi 曲 

cycle，i．e．， = 。 forBuck converter． 

Ng．3．tll voltage variable ∞ can be％ - 

Wessed as： 

： o+ ， (1) 

wh~ic is the averaged value of the iⅡd咖 voltage 

删 口isthe dutyradol~luired 吐Ie s 且g~ vert- 

el"． can be e耳 ssed as： 

a ： l f
。

rs

s(I) ：去 ． 
(2) 

l∞the duty ratioIe删 bytheBuck converter at a 

specific 0pa啦 point of o， aIId cm be d曲* 

milled as： 

就 ． (3) 
The cc~tml ci础 canI1OWbe constructedto辱驰 

the duty ratio．Let t}le input∞d~ tlmt 0n ofthe 

control eircmt be： ’ 

， (4) 

wbe∞ isthe reference voltage，P isthe ofthe 

pI叩  伽 eⅡDr amplifierm cdenotes赶 duty 

generatedbyt}le 0啪 l Ci_rC1．1it． 

廿Ie practical circuit，tllc Ilput ofthe∞曲col cir- 

cuitis connected to the gate oft}le active switch the 

p州 stage，making = 。c．1tIeref0re，the do∞d． 

109PdH s如 can bed)tai捌 byEqua (3)删  

(4)as： 

：  

P( ) ． (5) 

From(5)，the output voltagec蚰be as： 

0 = 南  一 (6) 
Tbe refea~ee voltage is∞nstmtfor∞ns锄 诅Ilput 

voltage a珥dicad0n．Equation(6)，thus， I10wstlIat by 

the舳 l law (4)，口le closed-loq~ 咧 I~upllt 

voltageis forced to be~ rticnal to a c∞st粗t fb|。 

∞ce voltage．仙 re~lt ∞sthatthe closed-loq~0ut_ 

put voltageisiIldc c卫de毗 of n℃ supply voltage∞ d the 

l0ad current．h omer ，the eI： ol1 volt— 

age m rIs‘Ⅱ 豫rl窖。d ．衄 b％ there is di llfban。e 

eitherthe supply voRage orthe l0ad culprit．The 

above control objec~ve of PWM I~／DC o0Ⅱvef嘧s is。 

n Ifb∞，reallzed． 
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3 Stability analysis 

The l~ge-sigml averaged-c~ tlit model of the Buck 

convca'l~is shown in№ ．4．The stability a~aiysis is 
based Oil thelarge-signal ave~ xl-cireuitmodel[ 

．  

ng．4 Averaged-circuit modeI of Buck converter 

Asdiscussedinp印 【1j，thetetri~edlow血 

∞皿pcI玎eⅡt ofinm跏 r voltage delaysthe actual one by 

o噩c switch~ period，rs，i．e． 

=  (t—rs)， (7) 

训’eIe d盱懒 d ~trievedindl】曲 voltage．The ac- 

删 in把 蚯ngfI】D( 。n controllaw is cc啦 m 叫 as： 

就  ̂=p( )删 鲁．(8) 
I-lele the D1Ⅺ laI and differential~ tmller is used 

aswiltl郴 beeniI|单bmen卸 ．In(8)，Kdis吐Ic由lle 

o0ns咖t of d di elIm ．In a ac血al_m叫朋眦  

0Ⅱ，imte~ of di丘 面 ng the output~ ltage di斛  

ly，訾c趾be 0bmi口。d easily fortheB~k c0nv枷盯by 
sensing d a嘲 tin tlIcfilter翻pa 0r s0血atthe el- 

feet of吐Icnoise_m 蕾owillbe eli na嘲
． Ftorn(7)，(8) 

and 谳撕0n of power stage(3)，the cl~ d-loop 

output voltage can bea叩mssed as： 

。+ =p( 一 )+ 一 訾， (9) 

+比=p( 一 )+ “一rs)一 誓． 
(1O) 

h d m∞dy s讹 ，妊 inductor~ltage and 

妊 allput w do not ch Ige and妊 derivative of 

山e llput~ltageis z既0．Tt cl0sed-l∞p stca由-stale 

印Ilt~ltage caII befbuⅡd∞： 

= 南  - (11) 
Thc ∞ l目 output~ ltage 0 and曲 l蜘 r~ ltage L 

锄 be 酬 船 ： 0： +亩0 and = + ， 

w}姻[ethel caselelter dc∞ 矗1e st朗dy_蛐 value 

柚d a mde“一” 舢 a w iable d盯I她 a d订埘n 

c0mp口蛳 t． 血u ng矗1e Id丘0n int0(10)， 

tlIc由In nic cq1lad0n cm bef0Imd (10)as： 

( — )一舟。一 ． (12) 

~ lttlion(12)is a linear di侬：le吐 cq with 

~．1ay． Lapbce订瓤 0n cm bef0Imd罄： 

(s)+ (s)=E叫 ( )一-o110( )一sKd (s)， 

(13) 

wh廿e all thc initial 0砌  O璐 aI℃set t0 z既0．Because 

0f dlc low 丘eq =ncy硒sl】mpd0n，e can be口叩 ss酣 

appm~ ly as： 

e =1一s ． (14) 

Thc relation between (s)and ( )c趾 be砌  

nDm Fig．4 as： 

)=( +詈+ 云+鲁 
(15) 

Su~ mg(15)and(14)into(13)，d d0s。d_ 

由 出nic output~ltage c叭be deriwt罄： 

(b0$ +bl s +b2s+b3) (s)=0， (16) 

w}惯ethe c0ef五咖 ts are** 

rsLC(1+鲁)， 
+ c TrsR~cc 

， 

+ +1)Rcc， 

63： P + 1． 

TI effect ofP andKd 0nthe~ability of d sys nis 

_mve 删 ．whenP ch锄窖es如m1 t0 100， lll~o 

locusof(16)isplotted，as sll0wnin Fig．5 Kd=0， 

O．02，0．05，Ie 他Iy，Tt pam∞eIe靠 ofthe pc啊 

st噼 used in d sj】咖lljI丘0n aIe Ts = 2【 B， L = 

24 ，C=88 F，R=12flandRL=0．05n，恐 = 

0．150，l瑚【e rsis dlc 怔岫 喀 p廿i0d． 

Fig．5 givestwo~ jugate 8e Denb of d ∞醇 

d = 0，which is cq valent t0 d 唧讲血mal 

c0n dI盯，蚰OⅡIcr se 榭 m Iies in the left h￡llf pl雌  

andis noIpli edlm
．  ly妊  蜘 is not sta- 

ble ast ro liein吐Ic啦 half of s-pl~e．when 

g血 of d

d

~

I

．fb。 k
， Kdis O．02，aⅡ 岫 r。吣 of 

(16)b。。0fne砌 andliein left halfpl柚e．Thc sys． 

ternis~able．№ ．6 gives妊 two删 oftheID0t 

． Thc血 ∞eljesfar away敞 of t and 

is not plot~ ll豇e．FI】m目 jnm蛹ng ，№ ．7曲 
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0∞ segmeat of root-loom when = 0．05．In this 

casc．血e o凸 segment of曲e代 s m￡sto al- 

In嘴t a m arc~ l-7610．The m 0∞ still lies at n 

farlcf【of two． le system ’s belmvi~ris domi- 

nated by n lOw 丘eq mI=yIDot C吼叩矗ringthel'l~t-lo— 

cIls at diffea,~t Kd，it is sh0wn that n Buck convca~r 

by n integralingfimeti~ controllaw(4)∞nbe stabi- 

lized n gain岛 is pIDp目． 

Real 

Fig 5 Root locus when Kd=0 
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Fig 6 Root locus when Kd=0．02 

Rc 

Fig．7 Root locus when Kd=0 05 

4 ( ∞ 0n 

le舢 ve∞a s thatw theintegnUi~  

fullc~ o咖 llaw，(4)．1heID。f d培oflhed稍 

l00p syslem∞n be刖 theleft lf pI锄eto目目 

~able OD自瓶 0n．It d ，IIld also be n删 that in 口 

~mlym ，no 蜘嘀U·signal as鲫皿p is made． 

With n n0】1lin IrintegratingfLmc llaw．口 

mnKn∞r Buck。om咖 is c}mged into a lim sys 

t皿 ．Tb目咖 e．n d la疵 be| fv] Ⅱ of n IO∞d_ 

l0oD system 锄d n 托sI alewlidfor b0血 the嗣ⅡaⅡ． 
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