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Abstract：The first flip bifurcation pomt of Buck-Boost converter has been studied in detail by using fixed point and sta— 

bility theory．3-D parameter space of stable regionis given．Furthermore．the hardware of20kHz current-mode conn1删 Buck- 

Boost converter has been builtandthe experiment results verifythe~ fical analysiswhich hasbeenpresentedinourO pa- 

pers· 
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Buck．Boost DC．DC变换器中分叉与混沌问题的研究(Ⅱ) 
— — 数值分析与实验 

吴 捷 刘明建 杨 苹 

(华南理工大学电力学院·广州，510640) 

摘要 ：研究了电流控制型 Buck-Boost变换器中的分叉与混沌 问题 ．在连续模式下的 Buck-Boost变换器的离散 

数学模型基础上，从不动点及稳定性理论的角度对 Buck-Boost变换器的第一分叉点进行了严格的数值分析，得到 

了三维参数空间曲面图．此外，建立了实验硬件电路 ，实验结果验证了理论分析 ． 
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1 Introduction 

11le switched—mode DC—DC converters that have been 

wi dely used in many industrial products may be thought 

of as nonlinear and time-varying systems．Hence，DC- 

DC converters exhibit a wi de range of bifurcation and 

chaos behavior under some co nditions．In the first part 

of the paper，i．e．modeling and simulation，we have 

derived an  iterative ma p for the Buck-Boost converter 

under current—mod e contro1．11 bifurcation and chaos 

phenomena ha ve been deeply studied  un der variation of a 

range of circuit parameters，such as input voltage，refer- 

ence current， load resistance， inductor and capacitor． 

And，the sim ulation results including the strange attrac— 

tors，bifurcation diagrams and waveforms ha ve been pre— 

sented in detail．In this paper，the experimental evidence 

is provided to venfy the predicted phenomena．At the 

same time，the onset of the first flip bifurcation point 

can be  exactly located by using fixed point an d stability 

theory，and 3一D parameter space of stable region is also 

presented． 

This paper is organized as follows．In Section 2，the 

fundamental theories about叙 ed point and stability theo— 

ry are presented．In Section 3．wi th the help of取 ed 

point and stability theories，the onset of the first period— 

doubling bifurcation po int is rigorously located．In Sec— 

tion 4，the bo un ~ry equations and 3一D parameter space 

ale discussed．In Section 5，we present the experimental 

system ofthe 20kHz current-mod e controlled Buck-Boost 

converter．The expe rimental results ale shown in detail． 

A co nclusion is given in Section 6． 

2 Fundam ental theories 

In this section，we present the fundamental theories of 
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fixed po int and stability theory． 

Definition 2．1 For one-dimensional mapping G： 

R —}1鼹 ；戈—}G(戈)，there may be some special points 

戈 that satisfy the。quadon戈 =G(戈 )．Such a point is 

called a f_Ⅸed point of the mapping． 

Definition 2．2 Similarly，for n-dimensional ma p— 

ping G，there ma y be  a special vector that satisfies the 

equation z ： G(z )．Such a vector is called a fixed 

po int ofthe n-dimensional mapping． 

The f-Ⅸed po ints have a very great influence on the 

behavior of the system．In particular，stable be havior is 

connected with all attracting fixed po int，which by asso— 

ciation is called  a stable fix ed po int．This is a membe r of 

the class of attractors，which also includes limit cycles 

and the strange attractors of chaos．The stability of the 

fixed points of the ma pping determines the local stability 

of the continuous-time system ．An attracting fix ed po int 

of the mapping corresponds to a stable periodic steady 

state of the continuous—time system． 

Definition 2．3 A flip(or period-~ g)bifur- 

cation occurs when one of the eigenvalues of the Jacobian 

man-ix of the mapping at the fix ed po int equals to一1． 

stabil ．I1 ¨ A fix ed po int of a one—dimen— 

sional mapping is stable if an d only if the gradient of the 

mapping at the fix ed po int lies be tween一1 and 1，i．e．if 

f( )⋯f<· 
Similarly，a fix ed po int of an  n-dimensional ma pping is 

stable if and only if its characteristic mulfipliers all lie 

within the unit circle in the complex plane． 

3 Numerical analysis of the first flip bi- 

furcation point 

From the simulation results，we know that when the 

bifurcation parameter is varied ， Buck-Boost eo nve~ r 

bifurcates to period -2 from period-1，bifurcates to peri— 

od -4 from period -2，and then goes to chaos via period — 

doubuIlg route．Therefore，the analysis of first flip bi— 

fur~ation po int is particularly impo rtant．In this section， 

the onset of the first pe riod -~ g bifurcation po int is 

rigorously located．The bounaary equations and 3一D pa- 

rameter in Buck—Boo st converter space are discussed with 

the help of the numerical analysis． 

3．1 The discrete model of Buck．Boost converter 

The discrete model has been derived in the first part of 

the paper．In our simulation study，the parmneters of the 

Buck-Boo st converter satisfy the following relationship 

because of the condition of practical circuit for maintain— 

ing continuous inductor conduction mode and low output 

ripple． 

1一T4R2 C<0， R>吉 ．(1) 
Th erefore the iterafive ma pping can be  written as fol— 

lows 

i =e [Clcos(fi-)+c2sin(fi")]， 

+l=一Let[(Cl口+c2f1)cos(fi．')+ 

(c2口+Clf1)sin(fi )]， 

／̂ 一l 一 

(2) 

= 吉( )， 
：  一言( ： 一 +砉·in, 

Cl l ， 

c = 一吉({· 惫+ a)= 
一  

1 1 · ·e一丽I’
E
L(， 

～

一+，ref·口)． 

In order to simplify the calculation，a substitution of 

去·言 ：砉 ： 一 is maae． 
Hence t ，t ，c2 call be rewritten as ： 

t =k2(，耐一 )，t =k3+k2·i ， 

。2 ： 一 

1 

了
1 ． ．e—kI~V

n 
(， 一0)+，ref．口)． 。2 一 ’ ’ + ref 

The itemfive mapping of the Buck-Boo st converter can 

be  rewritten as follows ． 

n+I 

e 
k3+k2"i

n)[I~tcos(fl(k3+k2· ))+ 

一  

1 1
· ．e-kl<， f̂)+ ·a)sin(fl(k3+ ))]， 

13n+1 

( 。‘1) ． ．e t’(，． ‘1)c。s( (尼3+ 2． ))+ 

(詈 ~Vn．e-hi'(1 + sin(fl(k3+k2'in))]_ 
(3) 

A ma trix is usually used to represent the ma pping： 

=  )]， (4) 
where is the bifurcation parameter．It can be  the input 

voltage E，reference current Ird，resistor R，capacitor C 

L朐 

L朐 
～ 一 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com


No．3 Study of Bifurcation and Chaos in the Curmnt-Mode Conm)llcd Buck-Boost DC-DC Converter(II) 397 
— — NIHrlarical Analysis and Experiment 

and inductor L． 

3．2 Calculation of the fixed point 

For fin n．dimcmional system ．a敝 ed point is a vec- 

tot ’that satisfies the equation ’=，( ’)．Them- 

fore，for a discrete model，a fixed po int iS the solution 

that satisfies the eq uation XrL+1 Xn when the steady 

state is reached．For the Buck-Boost converter，the fix ed 

po int 。is the solution of the following difference equa- 

tions： 

fe ‘ 3 2一 [， fc。s(卢(k3+．j}2。 n))+ 

l一吉( ~Vn．e-hi~1 I
，ref·a)sin(卢(J}3+J}2。 ))]一 =o， 

{Lea(k3+k2"i)哇 ~-Ocos(p(k3 ))+ 

l(芳· 1~Vn．e-k{(1 n + 
l ~／ref)sin(卢(k3+k2'in) ：o． 

．，c 。 =『粪 ] ： ， c6 
～ ，each i劬  一 ，i—e． ， ， ， 

， can be derived by(3)肌d(4)． 

= -ea(k3+k2"i
n

) *V
n

．e-hi"(1 i
")cos(fl(k， ))+ 

[ (1rd-in)+ L—■瓦__ 。 。。 ‘ + 

-

a
2卢+／~

· ．j}2·， f]sin(卢(．j}3+．j}2· ))}，(7) 

= L~ea(k3+k2"in){[ ．e-kl"(1'n'-i)+ 
口‘ L — 

k2·(a + )·lref]cos(／3(k3+k2。i ))+ 

[ (In-in)+ 钇 。 

． ， f]sin(卢(．j}3+．j}2 ))}， 口 rei J⋯ ＼ ＼ j⋯ z n川 ’ 

(9) 

0vn=Lea(k3+k2"。 哇．e-kf'(1 O．cos(／3(k3+ ))+ 
Ot。e ‘‘ ～n ‘sin(／3(k3+k2。 ]· (1O) 

3．4 Eigenvalues of Jacobian Matrix 

It is well known that the eigenvalues of J~ ian Ma- 

trix provides a useful method to evaluate the dynamics of 

the systems．The eigenvalues can be  obtained  by solving 

the following po lynomial equations． 

det[21一J( )]=0， (11) 

where．，( )is the Jacobian Matrix which was found 

previously．Here，we will mainly study the variation of 

the eigenValues as input voltage E and reference current 

lref are varied ．If one of the eigenvalues eq uals to 一 1， 

the co rrespo nding bifurcation value is the first period - 

doubling bifurcation po int when the bifurcation parameter 

is changed 

Firstly，the loci of the eigenvalues are examined  as the 

input voltage E is changed ．The set of circuit paramemm 

used is the same as in the simulation，i．e．， f=4A， 

R=2 ，L=0．5mH，C= ￡F，T=5(gLs(f=20kHz)． 

The calculation result is listed in Table 1 and the lOCi of 

characteristic multipliers ale illustrated in Fig．1 

Table 1 The characteristic mul卸liers with E as a bifur- 

cation parameter(P1 refers to period-one) 

)  8  

、， ／ 

n 

詹  

+ 

詹  
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— 
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Fig．1 Loci ofeigenvalues with E as the 

bifurcation pa／'ameter 

For large input voltage E (greater than 43．08V)， 

b0m of the eigenvalues are located within unit circle in 

the complex plane．As E decreases，one of the eigenval— 

ues goes toward 一 1．When E =43．08V，one of the 

eigenvalues equals to一 1，which implies the occurrence 

of period—doubling bifurcation．It agrees with the sim u— 

lation result in the first part of the paper． 

Secondly，the eigenvalues are used to predict the on— 

set of flip bifurcation if reference current，refis c~anged． 

Here the set of circuit parameters is also the same as in 

the sim ulatiOn，i．e．E = 12V，R =20f2，L=0．5mH， 

C=4 ，T=5taus(f=20knz)．Hem，me detailed cal— 

culation result and the loci of characteristic muldpliers 

are omitted． 

It is found that at Iref=1．1142A，one of the eigen— 

values is equal to一 1，which im plies the occurrence of 

period-doubling bifurcation．It agrees with the sim ula- 

tion result as shown in the fast part of the paper． 

4 Boundary equations and 3-D parameter 

space 

In a power converter，the most probably variable pa- 

rameters are input voltage E，reference current and load 

resistor R．The other parameters，such as inductor L， 

capacitor C and switching frequency f，are generally 

fixed at the designed State．Because some parameters are 

fix ed while the others are changeable，the different com— 

binations of circuit values lead to bifurcation and chaos． 

Therefore，it is particular im po rtant to study when the 

first pe riod—doubling bifurcation ocxRlrs un der E，I f and 

R parameter space． 

Based on the previous an alysis，it is clear that the so— 

lution of the fix ed po int cannot be expressed as an an a— 

lyti~ form since the fix ed po int of the Buck-Boost con— 

verter is a set of transcendental equations．Th erefore the 

eigenvalues of Jacobian Matrix of the mapping at the 

丘xed po int cannot be expressed as a formula．either． 

1he only way to study the first period -doubling bifurca— 

tion is the numerical method ． 

1he following study about the parameter space is 

about the input voltage E as the bifurcation parameter． 

Other丘xed circuit parameters are listed as follows．L= 

0．5mH，C=4 ，，=20kHz． 

4．1 Boundary equations at different loads 

en R =2 ，30Q，40Q and the reference current is 

varied  in step． 1he first period -doubling bifurcation 

po int can be  calculated via the method  stated  in Section 

3．Hence a series of first flip bifurcation po ints can be  

obtained un der different reference currents Iref．1he cal— 

culation result is listed  in Table 2． 

Tab le 2 1he first flip bifurcation po int 

、 th various loads R 

Reference E， for first bifurcation point 

current，l A R =20Q R ：30Q R=40Q 

之 

羔 

呈 

拿 

Reterence current／A 

Fig．2 The parameter space with various loads 

Based on the calculation results in Table 2． the 

boun dary conditions can be obtained through least square 

method (LMS)as shown  in Fig．2．1he Buck-Boost 

converter works in the stable region if input voltage E 

and reference current Iref satisfy the following boundary 

equation(12)when R=20fZ． 

E >10．77，ref (12) 

● 8  6  4  2  0  2  4  6  8 ● 一 

0  0  0  0  

一Sg— 
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Contrarily，the Buck—Boost converter will go to chaos 

via period—doubling route if input voltage E and refer— 

ence current， f satisfy the following equation(13)． 

E≤ 10．77l,．f (13) 

Similarly， other boundary eq uations under different 

loads can be obtained．Here ，we do not repeat the spe — 

cific procedure． 

4．2 3-D Parameter space 

Plotting the first flip bifurcation points into a 3-dimen 

sional space，a 3一D parameter space can be obtained in 

Fig．3． 

Fig．3 3一D parameter space of Buck—Boost converter 

The surface means the boun~ ,condition．It consists 

of the first nip bifurcation po ints under different parame— 

ters．Above the surface ．the converter is in stable state． 

Under the surface，the system will go to period 一2，pe ri— 

od一4，etc，then enter chaos via pe riod —doubling route． 

Th erefore if enough boundary eq uations ale obtained 

in advance ，wi th the help of the parameter space the 

po wer electronics engineers can place the normal opemt— 

ing po int far away from the bo undary region to maintain 

a desirable be havior． It is particularly meaningful to 

po wer supply design． 

5 Experimental system and experimental 

results 

5．1 Experimental system of the 20kHz Buck- 

Boost converter 

In order to verify the theo retical and simulation results 

in the first part of the paper，the expe rimental circuit of 

20kHz current．mod e controlled Buck—Boo st converter is 

built an d shown in Fig．4．In order to make the circuit 

close to ideal State，we choo se a tantalum type capacitor 

C which is with low eq uivalent series resistance．To 

avoid hJ gh frequency effect，the switching frequency is 

chosen at 20kHz，which is the lowest frequency in prac— 

tical po wer converter，though stated as the highest one in 

several papers[1-s]
．
Here．a po wer MOSFET and a fast 

recovery diod e are used．Th e wi nding resistance of in— 

ductor L is abo ut 0．512，which is the greatest devimion 

from the theo retical mod el because this value is assum ed 

tO be  zero in our theoretical analysis．Th e small resistor 

that is connected to the positive po rt of I_M 339 works as 

a current sensor of inductor L．It is used to detect the 

peal(current of L，so we can keep it in this position． 

BYV95C 

V +1 5v 

。 o-o- 回  

lref 

0．25n  

一  ￡c 
rf820 

5Q 

Fig．4 The experimental circuit of the 20kHz Buck—Boost converter 

5．2 Experiment results 

Our expe riment is divided into three parts．Th ey are 

abo ut Iref，E，and R as bifurcation parameters respec— 

tively．Th e following ale the expe rimental results． 

It can be  seen that the experimental results have fmnly 

verified  the theoretical analysis and simulation results in 

the first part of the paper．Consequently，the mod el de— 

veloped in the former paper is correct． 
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Fig．5 Period-1 waveforms and phase trajectory of Buck-Boost converter with lref I A 
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Fig．6 Period-2 waveforms and phase trajectory of Buck-Boost converter with lref=1．5A 
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Fig．7 Period一4waveforms and phase trajectory of Buck-Boost converter with 1tel’=1．8A 
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Fig．8 Chaotic waveforms and phase trajectory of Buck—Boost converter with Iref=4．5 A 
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Fig．10 Phase trajectory of Buck—Boost converter with R as bifurcation parameter 

6 Conclusion 

It is well known that the topologies of DC—-DC con—- 

verters are chan g~ due to the switching operation．This 

results in a nonlinear time—varying system．Hence，IX2一 

DC converters exhibit a wide range of bifurcation and 

chaos behavior under some conditions．In this paper，the 

expe rimental evidence is provided to verify the predicted  

phenomena．At the same time，the onset of the first flip 

bifurcation po int can  be  exactly located by using fⅨed 

p0-mt an d stability theories．3一D parameter space of sta— 

ble region is also presented 

Based on the itemtive map of Buck-Boost converter， 

the fixed p0int and Jacobian Mauix J( )of the map— 

ping at the fⅨed po int is ob~ ned ．W ith the help of the 

loci of eigenvalues of Jacobian Matrix，the first bifurca— 

tion po int of Buck··Boo st converter is investigated  in de·· 

tail．1he theoretical an alysis agrees with the numerical 

simulatiOn． 

1e research about the domains of bifurcation and 

chaos in the parameter space is particularly im po rtant be — 

callse the power electronics engineers must choo se the 

parameter values in order to obtain the desired be havior． 

Moreover，the engineers will consciously avoid the bi— 

furcation and chaos domains if they thoroughly under- 

stand when the nonlinear phenomena occur．In this pa— 

pe r， based on the numerical analysis， the parameter 

space and boundary condition of stable region in Buck- 

Boo st co nve~ r are obtained ． ． 

Moreover，the hardware of the 20kHz current-mode 

controlled Buck-Boost converter has been built． e ex— 

perimental results have been presented to verify bifurca— 

tion and chaos phenomena ，which have been analyzed 

{iA 

JR=12 Q．chaos 

an d studied in detail in the first part of the pape r It is 

stated that there is a great agreement between the theoret— 

ical study an d experimental results． 
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