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Introduction

dc-dc converters are some of the most widely used circuits in power electronics ͓1,2͔. They are usually used in situations where there is the need of stabilizing a given input dc voltage to a higher ͑boost͒, a lower ͑buck͒, or a generic ͑buck-boost͒ output voltage ͓3͔. This is generally achieved by chopping and filtering the input voltage through an appropriate switching action, mostly implemented via a pulse width modulation.

Switch-mode power supplies generate electromagnetic interference at the switching frequency and its harmonics. Interference emission creates significant electromagnetic compatibility difficulties ͓4͔, especially when high currents or high voltages are switched rapidly. The reduction in spectral emissions can be achieved through various methods that modulate the switching frequency ͓5,6͔.

The work of Deane et al. presents the idea that chaos, a phenomenon that can naturally occur in switch-mode power supplies, might be used to improve their electromagnetic compatibility ͑EMC͒ by reducing spectral peaks. This advantage is unfortunately counterbalanced by the increase in the ripple ͑the peak to peak output voltage͓͒ 7,8͔.

The task of intentionally creating chaos ͑a transition between order to chaos͒-sometimes called chaotification or anticontrol of chaos-has attracted a lot of attention in recent years due to its great potential in nontraditional applications for physical, electrical, optical, mechanical, chemical, biological, and medical systems ͓9,10͔.

The anticontrol method designs a nonlinear feedback controller with an arbitrarily small amplitude ͓11-13͔, thus obtaining chaotic dynamics in the controlled system. The application of this method ͓11,13͔ to switch-mode power supplies reduces the output voltage spectral emissions but aggravates the overall magnitude of the ripple ͓14͔. In Ref. ͓14͔ we introduce a nonlinear feedback controller that maintains a small ripple in the output and also achieves a low spectral emission.

The purpose of this article is to introduce a new nonlinear feedback controller, much simpler than that in Ref. ͓14͔ and with better performance. Its design is based on a propriety exhibited in Ref. ͓15͔: a chaotified nonlinear system presents many small independent chaotic attractors. The initial nonlinear system is chao-tified using a simple sine function of the system state, as in Ref.

͓13͔, but with a large amplitude. The feasibility and usefulness of this new and simple method are shown here with a numerical example, which includes a comparison with the classical anticontrol method.

The Buck Converter

Figure 1 shows the diagram of a buck converter that uses a pulse width modulated voltage loop ͓16͔. The circuit has two states determined by the position of the switch S. When S is closed, the input voltage E provides energy to the load R as well as to the inductor L. When S is open, the inductor current i, which flows through diode D, transfers some of its stored energy to the load R. The amplifier A 2 has a gain a. The simplest feedback converter is obtained when the switch P is in the first position. The control law v c ͑t͒ can then be written as

v c ͑t͒ = v c1 ͑t͒ = u 1 ͑t͒ = c 1 ͑v͑t͒ -V ref ͒͑ 1͒
The control law v c ͑t͒ is applied to the inverting input of the comparator A 1 . The noninverting input is connected to an independent voltage ramp generator. This ramp voltage v r ͑t͒ can be expressed as

v r ͑t͒ = V L + ͑V U -V L ͒ t mod T T ͑2͒
When v c ͑t͒ ജ v r ͑t͒, the switch S is open and diode D conducts; otherwise S is closed and D is blocked. The system is governed by two sets of linear differential equations that correspond to the on and off states of the controlled switch. The model of the converter can be written as:

dv dt = 1 C i͑t͒ - 1 RC v͑t͒͑ 3͒ di dt =- 1 L v͑t͒ + E L ␦͑t͒͑ 4͒
where E is a constant input voltage and ␦͑t͒ is a modulated signal, which is zero when v c ͑t͒ ജ v r ͑t͒ and one when v c ͑t͒ Ͻ v r ͑t͒. This signal has the following form:
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␦͑t͒ = ͭ 0, v r ͑t͒ Ͻ A͑v͑t͒ -V ref ͒ 1, v r ͑t͒ ജ A͑v͑t͒ -V ref ͒ ͮ ͑5͒
This classical converter has been studied for many years, notably in Refs. ͓2,16-18͔. We decided to choose the same values as in these references:

L = 20 mH, C =47 F, R =22 ⍀, c 1 = 8.4, V ref = 11.3 V, V L = 3.8 V, V U = 8
.2 V, T = 400 s, and E = 16 V. The output voltage of this circuit is periodic with a 70 mV ripple, as shown in Fig. 2. Figure 3 represents the power spectrum of the output voltage v͑t͒ when the converter is governed by the control law v c1 ͑t͒ of Eq. ͑1͒. The spectrum has a peak at the switching frequency 1 / T, with a magnitude of 250 V 2 / Hz. For EMC compliance reasons, let us try to reduce the peak value of the spectrum while maintaining a small ripple. Applying the anticontrol chaos ͓11-13͔͑ i.e., with a nonlinear feedback controller NC1 of small amplitude͒ to switch-mode power supplies improves the frequency-domain ͑spectrum͒ performance but aggravates the time-domain ͑ripple͒ performance.

In Ref. ͓14͔, we introduced new nonlinear controller NC2, aims at improving the power spectrum and ripple obtained with the previous control law v c1 ͑t͒. With the control law v c ͑t͒ = u 1 ͑t͒ + u 3 ͑t͒, where

u 3 ͑t͒ = c 3 v͑t͒sin͑ 3 t͒ = c 3 v͑t͒sin͑2f 3 t͒͑ 6͒
and for 3 much greater than the frequency ͑1 / T͒ of the ramp generator, the choice of the coefficient c 3 is done to minimize the maximum of the power spectrum amplitude ͓14͔ of v͑t͒͑ equal to min͑max FFT͒ = 3.77 V 2 / Hz for c 3 = 1.04 V, 3 = 250,000 rad/ s͒.

Finally, the combination of our method ͑NC2͒ with the standard anticontrol method ͑NC1͒ reduces even more the power contained in the spectral lines, without deteriorating the output voltage ripple. The control law becomes

v c ͑t͒ = v c3 ͑t͒ = u 1 ͑t͒ + u 2 ͑t͒ + u 3 ͑t͒͑ 7͒
where u 1 ͑t͒ is defined in Eq. ͑1͒, u 3 ͑t͒ is defined in Eq. ͑6͒, and u 2 ͑t͒ is based on

u 2 ͑t͒ = c 2 sin͓ 2 ͑v͑t͒ -V ref ͔͒ ͑8͒
The choice of parameters c 2 and 2 of u 2 ͑t͒ is also done to mini- mize the power spectrum amplitude. Every max FFT lower than min͑max FFT͒͑ using the control law u 1 ͑t͒ + u 3 ͑t͒͒ is represented with a black star ͑ *͒. The resulting black area represented in Fig. 4 is associated with c 2 and 2 values for which the use of v c3 ͑t͒ is an improvement. The minimum value of all max FFT is obtained for c 2 = 0.1 V and 2 = 320 rad/ V: min͑max FFT͒ = 2.69 V 2 / Hz. Let us now introduce a new nonlinear feedback controller improving the power supply EMC, but simpler than in Ref. ͓14͔, and without any additional feedback ͑NC2͒. 
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Improvement of EMC by Anticontrol of Chaos

Consider an N-dimensional nonlinear system in the general form of

x ˙1 = ͚ i=1 N a i x i + ͚ i=1 j=1 N b ij x i x j + ͚ i=1 j=1 N c ij x i 2 x j + ␦ x ˙2 = ͚ i=1 N m i x i + ͚ i=1 j=1 N n ij x i x j + ͚ i=1 j=1 N o ij x i 2 x j ] x ˙N = ͚ i=1 N q i x i + ͚ i=1 j=1 N r ij x i x j + ͚ i=1 j=1 N s ij x i 2 x j . ͑9͒
where

a i , b ij , c ij , m i , n ij , o ij , q i ,
r ij , and s ij , for i , j = 1,N, are real parameters and ␦ is zero.

In order to generate independent chaotic attractors for the system ͑Eq. ͑9͒͒, we specify a piecewise-binary characteristic of the feedback controller ␦, defined analytically as follows:

␦ = ͭ 0, g͑t͒ Ͻ u͑x͑t͒͒ 1, g͑t͒ ജ u͑x͑t͒͒ ͮ ͑10͒
where g͑t͒ is a periodic function and u͑x͑t͒͒ is the anticontrol of chaos state feedback. Independent chaotic attractors have been obtained with this feedback controller-with a large amplitude of u͑x͑t͒͒-in the Lorenz, Van der Pol and Moore-Spiegel systems, and Chua's circuit ͓15͔.

The nonlinear system of the general form of Eq. ͑9͒ can be reduced to Eqs. ͑3͒ and ͑4͒ describing a buck converter by choosing the output voltage v͑t͒ and the inductance current i͑t͒ as state variables x 1 and x 2 , respectively, and the following values of the coefficients:

a 1 =-1/ RC, a 2 =1/ C, m 1 =-1/ L, b ij = c ij = m 2 = n ij = o ij = 0, for i , j = 1,2.
The application of the classical chaos anticontrol method ͓13,14,19͔ to obtain a chaotic dynamic in the controlled system ͑Eq. ͑9͒͒ uses a nonlinear state feedback. We are interested in a simple sine function

u͑x͑t͒͒ = c 2 sin͑ 2 ͑x 1 ͑t͒ -V ref ͒͒ ͑11͒
as in Refs. ͓13,15͔. Because the buck converter uses a piecewisebinary characteristic described by Eq. ͑5͒ as a feedback controller, we only have to apply Eq. ͑11͒ to generate independent chaotic attractors. So, the choice of the g͑t͒ waveform is limited to the ramp wave v r ͑t͒. The control law we propose is

␦͑t͒ = ͭ 0, v r ͑t͒ Ͻ v c2 ͑t͒ 1, v r ͑t͒ ജ v c2 ͑t͒ ͮ ͑12͒
where v c2 ͑t͒ = u 1 ͑t͒ + u 2 ͑t͒͑ 13͒ Let us suppose that c 2 has a small amplitude, as in Refs. ͓13,15͔. Figure 5 shows an example of a ramp wave v r ͑t͒ and the anticontrol of chaos state feedback v c2 ͑t͒, implying a slow switching of the controller of Eq. ͑10͒͑between the levels 0 and 1͒. The output voltage v͑t͒ has a large variation attracted into an attractor, as in Fig. 6. The small amplitude of the parameters c 2 leads to the conclusion that, unfortunately, the time-domain performance is worsened because the output voltage ripple has increased ͑400 mV͒, thus reducing the efficiency of the dc-dc converter, as in Refs. ͓7,18,20͔.

We are interested in a large variation of the parameter c 2 . Let us show that the amplitude of c 2 ͑the anticontrol of chaos state feedback v c2 ͑t͒͒ has the key role to generate attractors. Figure 7 shows an example of a ramp wave v r ͑t͒ and the anticontrol of chaos state feedback v c2 ͑t͒, which implies a fast switching of ␦, and consequently small variations of v͑t͒.

Figure 8 presents several independent chaotic attractors reached from different initial conditions for c 2 = 18 V. Let us study their repartition in the state space as function of c 2 . Without any changes of the buck converter parameters ͑R , L , C ,...͒, all the chaotic attractors are situated on the same curve on the state space when c 2 varies because R is constant. In order to avoid the superposition of the attractors in a graphical state space representation, we represent them according to v͑t͒ and c 2 in Fig. 9. For c 2 Ͻ 12 V, the buck converter is characterized by a unique attractor. The system presents several independent chaotic attractors, reached from many different initial conditions, for c 2 ജ 12 V.

The equilibrium points of the system ͑Eqs. ͑3͒ and ͑4͒͒ are found by solving the equations dv / dt and di/ dt and represent the roots of the following equations: A control engineering application is to make nonlinear systems converge to some attractors of interest, starting from different initial conditions, in order to reach different regimes of operation. We are interested in another important property, the small dimensions of the attractors, which implies small variations of the state variables. An example of a chaotic attractor for the buck converter of Eqs. ͑3͒, ͑4͒, and ͑12͒ is presented in Fig. 10. In Figs. 11 and 12, we represent the power spectrum of v͑t͒ and its time waveform, respectively. The min͑max FFT͒ of the power spectrum of v͑t͒ is equal to 0.7 V 2 / Hz for c 2 = 18 V and 2 = 100 rad/ V, with the control law v c2 ͑t͒. We can observe that this spectrum is no more composed of a unique peak at the switching frequency 1 / T ͑or at its harmonics͒: Many spectral lines appear at higher frequencies, therefore widening the band. Figure 12 finally presents the temporal representation of v͑t͒ and shows that the ripple is 30 mV. v c2 ͑t͒ has a better frequency-domain ͑spectral͒ performance and time-domain ͑ripple͒ performance than v c1 ͑t͒. 11.275 11.28 11.285 11.29 11.295 11.3 11.305 11.31 Considering c 2 as parameter and for 2 a constant value ͑100 rad/ V͒, the maximum Lyapunov exponent of the modified buck converter of ͑Eqs. ͑3͒, ͑4͒, and ͑12͒͒ is shown in Fig. 13. Its positive value shows the chaotic behavior of the buck converter for c 2 Ͻ 12 V, when the buck converter is characterized by a unique attractor, and also for c 2 ജ 12 V when the system presents several independent chaotic attractors, reached from many different initial conditions.

1 C i - 1 RC v =0 ͑14͒ 
Figure 14 presents the output voltage ripple as function of the anticontrol feedback parameters c 2 and 2 . This ripple falls to very small values ͑around 30 mV͒ for a wide domain of low 2 angular frequencies and for high c 2 amplitudes. For a better visualization of the small ripple domain, we project the 3D space of coordinates ͑c 2 , 2 ͒ and ripple on 2D, as presented in Fig. 15. The low ripple area ͑the black area on the right͒ can then be identified. Every point ͑c 2 , 2 ͒ inside of this area is characterized by a small output voltage ripple and several chaotic dependent in the initial ͑using v c2 ͑t͒ with large amplitude of c 2 ͒. Figure 15 presents one gray area: Every point ͑c 2 , 2 ͒ inside of this area is characterized by an important output voltage ripple and a unique attractor, independent of the initial conditions. We also represent another black area ͑along the vertical axis, on the Table 1 summarizes the ripple and the power spectrum of v͑t͒, using the three control laws ͑v c1 , v c2 , v c3 ͒ as feedback. The nonlinear feedback controller v c2 proposed here ͑with large amplitudes of c 2 ͒ is simpler than the v c3 proposed in Ref. ͓14͔͑ with small amplitudes of c 2 ͒. It maintains a small ripple in the output and is able at the same time to achieve a low spectral emission. This demonstrates that anticontrol of chaos improves the power supply EMC.

Conclusion

The purpose of this article is to introduce a new nonlinear feedback controller simpler than that in Ref. ͓14͔ and with better performance, in order to demonstrate that chaos improves the power supply EMC without any other feedback. The design for this simple controller is based on the property Ref. ͓14͔ of chaotified nonlinear systems with many small independent chaotic attractors. This controller maintains a small ripple in the output and is able at the same time to achieve a low spectral emission. Indeed, applying chaos anticontrol ͑with a large amplitude of c 2 ͒ to switchmode power supplies improves the performance both in the frequency-domain ͑spectrum͒ and in the time-domain ͑ripple͒. 

  Fig. 1 dc-dc buck converter with feedback anticontrol. The values of the fixed parameters are taken from Refs. †2,16 ‡: L = 20 mH, C =47 F, R =22 ⍀, c 1 = 8.4, V ref = 11.3 V, V L =3.8 V, V U =8.2 V, T = 400 s, and E =16 V.
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Table 1 Performances of the converter with the control laws "v c1 , v c2 , v c3 …

 1 

		Maximum of power	
	Control law	spectrum ͑V 2 / Hz͒	Ripple ͑mV͒
	v c1	250	70
	v c2 ͑small c 2 ͒	50	200
	v c3 ͑small c 2 ͒	2.69	55
	v c2 ͑large c 2 ͒	0.7	30