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Abstract—Power electronic converters are time-varying 

dynamical systems that exhibit a great variety of nonlinear 

behavior. The study of nonlinear phenomena in switching DC-

DC devices has become a hot topic and many analytical 

methods have been proposed to control these phenomena. As 

one of parameters of the converter varies, the operation of the 

system can lose stability and goes from one region to another 

and, consequently, degrade the output performance of the 

converters. Thus, it is of practical importance to avoid this 

situation, and to know the parameters' values that make the 

system works in stable region. In this paper, the stability 

analysis of switching DC-DC buck converter using the inductor 

value as a sweep parameter has been investigated. The critical 

value of the inductor that ensures the stability of the buck 

converter is determined. It is shown that the stability of power 

electronic systems can be ensured over a wide operating region 

by choosing appropriate parameters’ values. Computer 
simulation is used to support the theoretical analysis. 

.Keywords— DC-DC converters; power inductor; bifurcation 

I. INTRODUCTION 

Power electronics is about conversion and controlling of 
electrical energy using semiconductor as switching devices. 
Power electronics systems have an active influence in many 
applications including computers, transportation, 
telecommunications equipment, and so on. DC-DC power 
converters are the heart of power electronics circuits and they 
are widely used in many practical systems wherever there is 
a need to modify or change the electrical energy quantities.  

The desired behaviour of these devices is a stable 
periodic motion around a predefined value with a frequency 
that is equal to that of the external clock. They are variable 
topology systems that exhibit a great variety of nonlinear 
behaviour, e.g. bifurcation, subharmonics, and chaos. These 
unwanted nonlinear phenomena force the converter to 
change its normal periodic operation to a random-like 
behaviour, which must be avoided. Because of these 
apparently unpredictable and often undesirable phenomena, a 
concentrated analysis of the complex dynamic behaviour of 
DC-DC power converters is required and compulsory. 

The nonlinear phenomena of power electronics systems 
have been investigated and many approaches and efforts are 
available [1]. Historically, there are four main approaches 
that used to model and study the complex dynamic behaviour 
of power electronic systems [2]. The most popular one is the 
averaged model that was introduced by Middlebrook and 

Cuk in 1977. This approach is suitable to predict slow scale 
bifurcation and instability and lacks to predict fast scale 
instability, it does not predict the boundary of the period-1 
correctly, and cannot demonstrate the dynamic behaviour of 
the system after the instability region [2-5]. This shortcoming 
is due to the elimination of the switching action of the circuit 
and averaging the state variables over the switch cycle. The 
switching action is an extremely nonlinear process that may 
lead to loss the stability and introduce nonlinear oscillation 
effects and chaos [2, 6, 7]. In order to predict fast scale 
instabilities, there is a need to move to the discrete-time 
models. Although this approach provides a relatively 
complete idea about the system behaviour in both slow and 
fast scale terms, the derivation of the discrete map is very 
complicated and usually it cannot give a closed form 
expression for the stability conditions, and currently it is 
limited to current-mode converters [2, 4, 6, 8, 9]. The third 
approach describes the switched-mode power systems using 
a continuous time domain, where the right hand side is 
discontinuous due to the rapid change in control system such 
as PWM. Although this method is known as the most 
difficult one and the solution for this set of systems may not 
well-defined, it is considered as the most accurate method 
which offers the possibility to describe the system in the 
saturated and unsaturated regions [2, 6]. The last approach is 
the discrete modeling technique that is used to observe the 
fast scale oscillation region in continuous conduction mode 
(CCM) step-down converters. Because of the interesting 
results that obtained from this approach, this approach has 
been extended to study other DC-DC converters in both 
continuous and discontinuous modes (CCM & DCM) [2, 7]. 

Depending on the values of the circuit parameters, the 
system might show fast scale bifurcation. Selecting the right 
power inductor of DC-DC converters is a critical aspect of 
converter design. In the design of the switching converters, 
many efforts have been taken to ensure that the inductance 
never gets near the saturation because of the fear of nonlinear 
phenomena. This result in the inductor is designed for the 
maximum load current, the lowest input voltage where 
current is the greatest, and the maximum core temperature 
where the saturation flux density is lowest. As a result of this 
bad design, the resulting inductor is significantly larger than 
the required one. Inductors that can be used with DC-DC 
converters come with a diversity of sizes and shapes. Proper 
selection of the inductor requires a good understanding of the 
inductor performance and of desired performance of the 
system [10, 11]. The value of the inductor is inversely 
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proportional to the ripple current. In other words, if the 
inductor is increased, the current ripple will be reduced, and 
vice versa. As a result, there are tradeoffs with the high and 
low ripple current. Low ripple current means large value of 
the inductor, whereas large ripple current means larger peak 
current and the possibility of inductor saturation is increasing 
and hence losing the stability. 

In this paper, the stability analysis of the voltage mode 
control buck converter operating in continuous conduction 
mode using the inductor value as a sweep parameter has been 
investigated. The critical value of the inductor that ensures 
the stability of DC-DC buck converter is determined. The 
obtained results are verified using Matlab/Simulink 
simulation and the bifurcation analysis of the closed loop 
buck converter.  

II. DC-DC BUCK CONVERTER 

Due to its simplicity, ease, and precision, buck converter 
is the most widely used DC-DC converter topology in power 
electronics applications. It is used to convert an input DC 
voltage to a lower level DC voltage with a very high 
practical efficiency, about 92% [8]. Fig. (1) shows a 
graphical illustration of the buck converter under the PWM 
voltage mode. The output voltage is sensed and fed back to 
form the error voltage, Vref – Vo, with the help of voltage 
controller in the form of PI controller. The capacitor C and 
the inductor L acts as a low pass filter and their values are 
usually chosen in such a way that the cut-off frequency of 
LC is much lower than the switching frequency fs in order to 
reduce the switching ripple [12]. 

During the interval when the switch is ON, the diode is 
reverse biased and the output load receives the energy from 
the input voltage. The input source starts to charge the 
inductor. For ON subinterval when the switch is close, the 
equations that represent the buck converter are: 
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During the second interval when the switch is open, OFF, 
the diode becomes forward biased and the inductor current 
flows transferring some of its energy to the load [13]. During 
the OFF subinterval, the equations of the buck converter are: 
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In order to regulate the output voltage to a desired 
reference voltage, a closed loop in the form of a dynamic PI 
controller is used which define a third state variable e (the 
error): 

cref VV
dt

de
     (5) 

The operation described is known as continuous-
conduction mode (CCM) because the current is delivered to 
the inductor continuously without reaching zero. However, 
for some reasons the inductor current may go momentarily to 
zero during parts of the switching cycle. This mode is known 
as discontinuous-conduction mode (DCM) [8, 14]. 

 
 

Fig. 1. DC/DC buck converter under PWM voltage mode control. 

By increasing the ratio of the converter’s natural 
frequency to the switching frequency fs, the converter is more 
prone to fast scale oscillation [15, 16]. Consequently, it has 
been presented as a bottom-line hypothesis that the value of 
the ripple component at the PWM modulator leads to the loss 
of the period-1 operation in fast scale bifurcation term. As a 
result, it is possible to use the level of the ripple as an index 
to predict the fast scale bifurcation in switching devices. In 
[4], this index has been defined as the ripple at PWM 
modulator normalized to the ramp signal amplitude, given 
by: 

c

m

v
V

F
     (6) 

where 


 FkF p  is the transfer function of the PI controller 

evaluated at the switching frequency, and c is the output 

voltage ripple. The output voltage ripple of the buck 
converter is given by [4]: 
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where 
5.0)(  LCo  is the natural frequency, D is the 

duty cycle DD 


1 , and ss f 2  is the switching 

frequency.  The ripple based instability index FS  is defined 

as the ripple before the PWM normalized to the ramp signal 
amplitude: 

2

22

2
:

sm

oinp

m

cp

FS
V

DDFVk

V

VFk











    (8) 

where F stands for the transfer function of the voltage 
controller evaluated at the switching frequency. An 
approximation form of the critical ripple as a function of the 
duty cycle can be given by [4]: 
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As the ripple index exceeds a critical value C , the 

system shows fast scale oscillation. The condition for 
avoiding losing the fast scale stability of the circuit can be 
given from: 

CFS      (11) 

From equation (11), the fast scale instability will take 

place when CFS   , i.e.,
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Equation (12) is a general expression which can be used 
to give the critical values of the system parameters that make 
the system behave in fast scale instability. For example, the 
critical value of the proportional gain that give birth the fast 
scale oscillation is: 
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The inductor L has a big effect on the boundary of the 
fast scale oscillation. Recall equation (12) which gives a 
general expression that can be used to give critical values of 
the system parameter that make the system behave in fast 
scale instability: 
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By using equation (14), it is possible to find the value of 
the inductor that gives birth the fast scale oscillation in the 
buck converter as: 
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Note that, FSL  depends on the value of  . For the most 

practical value of critical parameters, 1 . The values of 

the buck converter circuit parameters that used in the 
simulation are: Vin = 3 V, R = 1 Ω, L = 30 nH, C = 50Nf,    
fs = 50MHz, Vl = 0 V, Vu = 1 V, Vref = 1.5V. The selection of 
these parameters is based on having a converter with a low 
ratio of the switching frequency fs to the cut-off frequency fc 
of LC filter, hence showing moderately large ripples [4]. 
Using theses parameters in equation (15) and setting kp = 9 

and the zero frequency 
z of the PI controller is selected 

smaller than c , sMredz /28.14 , so that the slow 

scale instability is not possible as predicted by (12). The 
value of the inductor that gives birth the fast scale oscillation 

in the buck converter is nHL 24
 

III. SIMULATION RESULTS. 

In order to investigate the effect of the inductor design on 
the behaviour of DC-DC converters, the buck converter was 
implemented in Matlab/Simulink as shown in Fig. (2). The 
switching instants were determined by comparing a ramp 
signal with the control signal. 

 A typical bifurcation diagram for the voltage-mode buck 
converter with PI controller is shown in Fig. (3). Bifurcation 
diagrams offer a convenient way to investigate the instability 
by presenting the behaviour of the system graphically. In this 
diagram, the steady state behaviour of the system is plotted 
against the bifurcation parameter, by using this diagram it is 
possible to visually assessment the steady state behaviour of 
the system. For example, if the system is operating in stable 
mode, period-1, for a specific parameters value, the result 
will be a single point on the diagram, and if it was period-2 it 
will be 2 points and so on. The inductor was used as a 
bifurcation parameter and its value was varied from 22 nH to 
25.5 nH. As the states were sampled at the start of each cycle 
of the ramp, a sampled data map was obtained. The sampled 
values of the output voltage are plotted against the 
bifurcation parameter L in order to have the bifurcation 
diagram. 
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Fig. 2. The block diagram of Matlab-Simulink. 

 

 
Fig. 3. Bifurcation diagram of the buck converter as the inductor L 

changed. 

 

Normally, DC-DC converters are designed to work in 
period-1 operation. For this specific converter, as the 
inductor increases, the system works in stable mode which is 
the required operation of the buck converters. From the 
figure it can be seen that period doubling bifurcation take 
place at a critical value of the bifurcation parameter L ≈ 25 
nH which is in a good agreement with the value that 
predicted by the ripple index method. 

The output voltage and the inductor current waveforms, 
in time domain for the inductor L = 25 nH, are shown in Fig 
(4). The results indicate that the system works in a period-1 
operation and hence the system is stable.  

For the inductor L=24 nH, the output voltage and the 
inductor current waveforms in time domain are shown in Fig 
(5). The results show that the system works in period-2 
operation and, consequently the system is unstable. 

 

 

 
Fig. 4. Period-1 waveforms for L=25 nH. 

 

 
Fig. 5. Period-2 waveforms for L=24 nH. 

 

IV. CONCLUSION 

This paper has dealt with the stability analysis of the 
voltage mode control buck converter operating in continuous 
conduction mode. It has been shown that the sensitivity of 
the system to the inductor was the main reason for the 
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system’s loss of stability. It was shown that the system 
exhibits nonlinear phenomena, fast scale oscillation, as the 
value of the inductor is changed. The nonlinearities were 
shown by simulation and confirmed analytically. The critical 
value of the inductor that ensures the stability of the DC-DC 
buck converter was determined.  

 In conclusion, this paper makes it is possible to predict 
the instability boundaries of the DC-DC buck converter and 
hence allows the designer to design a stable system by 
choosing the appropriate parameters’ values. 

REFERENCES 

[1] S. Maity, et al., "Bifurcation analysis of PWM-1 voltage-mode-

controlled buck converter using the exact discrete model," IEEE 

Transactions on Circuits and Systems I: Regular Papers, vol. 54, pp. 

1120-1130, 2007. 

[2] S. K. Mazumder, "Nonlinear analysis and control of standalone, 

parallel dc-dc, and parallel multi-phase PWM converters," Virginia 

Tech, 2001. 

[3] S. Banerjee and G. C. Verghese, Nonlinear phenomena in power 

electronics: IEEE, 1999. 

[4] A. El Aroudi, et al., "A design-oriented combined approach for 

bifurcation prediction in switched-mode power converters," IEEE 

Transactions on Circuits and Systems II: Express Briefs, vol. 57, pp. 

218-222, 2010. 

[5] A. El Aroudi, et al., "Stability of DC-DC converters: A ripple based 

index approach," in Power System Conference, 2008. MEPCON 

2008. 12th International Middle-East, 2008, pp. 605-609. 

[6] D. Dai, et al., "Symbolic analysis of switching systems: Application 

to bifurcation analysis of dc/dc switching converters," IEEE 

Transactions on Circuits and Systems I: Regular Papers, vol. 52, pp. 

1632-1643, 2005. 

[7] S. K. Mazumder, et al., "Theoretical and experimental investigation 

of the fast-and slow-scale instabilities of a DC-DC converter," IEEE 

Transactions on Power Electronics, vol. 16, pp. 201-216, 2001. 

[8] G. C. Verghese and S. Banerjee, Nonlinear Phenomena in Power 

Electronics - Attractors, Bifurcations, Chaos, and Nonlinear 

Control’. Canada: John Wiley & Sons, Inc, 2002. 

[9] S. Iqbal, et al., "Investigation of chaotic behavior in DC-DC 

converters," World Academy of Science, Engineering and 

Technology, vol. 33, pp. 291-294, 2007. 

[10] M. G. Laflin, "How to Simplify Switch-Mode DC-DC Converter 

Design," CMP Media LLC, 2006. 

[11] N. Semiconductors, "Buck converters for SSL applications," Appl. 

Note. 

[12] A. O. Elbkosh, "Nonlinear analysis and control of DC-DC 

converters," University of Newcastle Upon Tyne, 2009. 

[13] C. Morel, et al., "Extension of chaos anticontrol applied to the 

improvement of switch-mode power supply electromagnetic 

compatibility," in Industrial Electronics, 2004 IEEE International 

Symposium on, 2004, pp. 447-452. 

[14] N. Mohan, et al., Power Electronics, Converters, Applications, and 

Design. Canada: John Wiley & Sons, Inc, 1995. 

[15] E. Alarcon, et al., "Predicting fast-scale instabilities in switching 

power converters: A ripple-based unified perspective," in Circuits 

and Systems, 2006. ISCAS 2006. Proceedings. 2006 IEEE 

International Symposium on, 2006, p. 4 pp. 

[16] E. Rodriguez-Vilamitjana, et al., "Ripple-based Period-2 bifurcation 

border detection in switching power regulators," in Circuit Theory 

and Design, 2007. ECCTD 2007. 18th European Conference on, 

2007, pp. 1018-1021. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


