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Reducing the Spectral Emissions of PFC Converters by
Anticontrol of Chaos

Marcelle Merhy™?, Cristina Morel*, Eric Chauveau®, Mohamed Machmoum?
'ESEO Group, Graduate School of Engineering, Angers, 49009, France
’IREENA, 37 Boulevard de I’Université BP 406, 44602 Saint-Nazaire, France

Abstract: Switch-mode power supplies usually emit electromagnetic interferences at the switching
frequency and its multiple harmonics. We propose a feedback control method improving switch-
mode power supplies electromagnetic compatibility (spectral peaks compliance). Inducing chaos in
these systems has recently been suggested as a means of reducing these spectral emissions. Indeed, the
application of the classical method of chaos anticontrol to these systems leads the output voltage to
have an excessive ripple or an undesirable spectrum, whereas these problems are solved with
ours. We propose here a converter, able at the same time to achieve low spectral emission and to
maintain a small ripple. The design of this controller is based on the property that chaotified nonlinear
systems present many independent chaotic attractors of small dimensions. To confirm the efficiency
of this method, a comparison with the anticontrol method is included, together with a numerical
example clearly showing the effect of this control.

Keywords: PFC converter, Output voltage ripple, Anticontrol of chaos, Independent chaotic attractors,
Power spectrum

1. INTRODUCTION

Power electronic circuits are prone to various types of nonlinear phenomena, like bifurcation and
chaos. Among different types of power electronic circuits [1]-[3], dc—dc converters are most widely explored.
Bifurcation and chaos, a phenomenon which can naturally occur in switch-mode power supplies has been
reported in voltage-mode controlled Buck converters and Boost converters operating in continuous or
discontinuous conduction mode. All the reported literatures [2] [3] assume that the input of a dc—dc converter
is a regulated dc power supply: this usually is not the case in reality. The converters are mostly fed from a
rectified and filtered source; in this case, this dc voltage will contain ripple (the peak to peak input voltage).

Switch-mode power supplies generate electromagnetic interference at the switching frequency and
its multiple harmonics. Interference emission creates significant electromagnetic compatibility (EMC)
difficulties, especially when high currents or high voltages are switched rapidly. The reduction of spectral
emissions can be achieved through various methods that modulate the switching frequency [4]. The work of
[5] presents the idea that chaos might be used to improve their EMC by reducing spectral peaks. This
advantage is unfortunately counterbalanced by the increase of the peak to peak output voltage [6].

The task of intentionally creating chaos — called anticontrol of chaos — has attracted a lot of
attention, becomes a key in such applications where chaos is important and useful. It is well known that
chaos can be generated via different approaches [7]-[11], such as feedback techniques or switching methods,
to obtain various chaotic attractors from the new chaotic system or circuit. Other techniques to create chaos



are to use a time-delay feedback perturbation on a system parameter or to employ an exogenous time-delay
state-feedback input.

The anticontrol method designs a nonlinear feedback controller with an arbitrarily small amplitude
[9] [10], thus obtaining chaotic dynamics in the controlled system. The application of this method [6] [10] to
switch-mode power supplies reduces the output voltage spectral emissions, but increases the overall
magnitude of the output voltage.

After the study of the photovoltaic systems [22][23],the purpose of this article is to introduce a
nonlinear feedback controller that maintains a small ripple in the output voltage and also achieves a low
spectral emission. Its design is based upon a property exhibited in [19]-[21]: a chaotified nonlinear system
presents many small independent chaotic attractors. The initial nonlinear system is chaotified using a simple
sine function of the system state, as in [7], but with large amplitude. The feasibility and usefulness of this
new and simple method is shown here with a numerical example, in a power factor correction (PFC) Boost
Buck converter [24].

2. ANTICONTROL OF CHAOS
Consider aN-dimensional nonlinear system in the following general form
N N
561=Za[xl-+2b[jxl—xj+ c,-x,-zxj-i—é‘

i=1 i=1 i=1

i=1 i.=l A i.=1 A (1)

wherea; by, c;, m;, ny 0y q; vy sy for i, j=1,N are real parameters and x; for i = 1,N are the state variables.
In order to generate a chaotic behavior in this system, let us introduce a piecewise-binary characteristic of the
feedback controllero, defined analytically as follows:

= 2

0, v, (1) <v.(t)
1, v, (t)zv.(t)

where v,(?) is a periodic function and v.(z)the anticontrol state feedback. We propose to use the anticontrol
with a piecewise-binary controller, hereafter called anticontrol switching piecewise-binary controller. The
application of the anticontrol of chaos uses a nonlinear state feedback:

ve(t)=c-sinfo-x (1)) 3)
We consider now a fast dynamics variation of 6 given by the anticontrol switching piecewise-binary

controller ¢ of (2). As Figure 1 presents, for each attractor starting from different initial conditions, the
dynamical state space trajectory remains around the equilibrium point.
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Figure 1. Example of chaotic attractors.

The application of the piecewise-binary controller § in continuous-time nonchaotic systems (1),
outlines two very important properties. The first one is the generation of several independent periodic
attractors. Recently, [21] demonstrated that the equidistant repartition of these attractors is in a precise zone
(a controllable state space area) of a precise curve, which depends of the sine anticontrol feedback v.(?)
frequency. Then, the state space domains where the attractors are generated from different initial conditions
were determined. Also, a mathematical formula giving the maximal attractors number in function of the
controller piecewise-constant values has been deduced [21]. In this paper, we are interested by the second
property: the size of the attractors. The design of this controller is based up on the property that chaotified
nonlinear systems present many independent chaotic attractors of small dimensions: this is used to improve
the EMC of PFC Boost-Buck converter by reducing spectral peaks.

3. THE BUCK CONVERTER

Figure 2 shows the diagram of a Buck converter that uses a pulse width modulated voltage loop [2].
The circuit has two states determined by the position of the switch S. When S is closed, the input voltage V7,
provides energy to the load R; as well as to the inductor L;. When S is open, the inductor current i, who flows
through diode D, transfers some of its stored energy to the load R;. The anticontrol switching piecewise-
binary control law together with a typically proportional (the constant a) controller

v (t) = a- () =V, [+ c-sinfw-v(1)] (4)

is applied to the inverting input of the comparator 4,. The non-inverting input is connected to an independent
voltage ramp generator v,(2):

)=V +(Vy V1) 2 ©

The Buck converter is a second-order system since it has inductive and capacitive energy storage
elements. The voltage v of the capacitor C and the inductance current i are chosen as state variables. This
classical converter has been studied for many years, notably in [2], [3] assuming a regulated dc power supply
input voltage. But usually, such is not the case in reality. The dc input voltage V;,(2) = E + e-sin(2xft) will
contain a ripple.
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Figure 2. Buck converter with feedback anticontrol of chaos: L; =10 mH, C;=33 uF, R;=1.5 Q,
Vi;=24V,a=8,Vy=82V, V=38V, E=240V,e=16V, =50 Hzand T = 20 ps.

The model of the converter can be written as:

dv 1. 1

?_Ell(t)_R_gV(t) (2mft) ©)
i +e-sin(2nft ’

a W

Varying the values of parameters ¢ andw, Figure 3 presents the maximum of the output voltage
ripple in function of the anticontrol feedback parameters. This ripple falls to very small values for high ¢
andw amplitudes. The low ripple area can then be identified. Every point (¢, @) inside of this area is
characterized by a small output voltage ripple and several chaotic attractors, dependent of the initial
conditions (using (4) with large amplitude of ¢). Figure 3 presents another area characterized by an important
output voltage ripple and a unique attractor, independent of the initial conditions. We begin with a series of
typical waveforms (the output voltage, the power spectrum and phase portrait of the state equation of the
Buck converter Figure 4 — Figure 15) which have been obtained from computer simulations.
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Figure 3. The maximum of the output voltage ripple in function of the anticontrol feedback parametersc and
.



The output voltage of this circuit, when the converter is governed by the control law of Eq. (4) with
¢=0 is shown in Figure 4: it is periodic with a low frequency of S0Hz (the frequency of the input voltage V;,).
In this case we obtained a 10 mV ripple. A close-up view of the output voltage v(z) shows the high switching
frequency of 50kHz.

Figure 5 represents the power spectrum of the output voltage v(z). The spectrum has a peak at the
switching frequency, with a magnitude of -80dB/Hz. Figure 6 shows the phase portrait which corresponds to
the periodic orbit. For electromagnetic compatibility compliance reasons, let us try to reduce the peak value
of the spectrum while maintaining a small ripple.
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Figure 4. The periodic output voltage v(?) of the Buck converter with the control law of Eq. (4) forc=0.
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Figure 5. Power spectrum of the output voltage v(t) with the control law of Eq. (4) forc=0.
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Figure 6. Phase portrait of the state equation of the Buck converter for ¢=0.

Let us suppose that ¢ has a small amplitude as in [8] [10]. Unfortunately, the time-domain
performance is worsened because the output voltage ripple has increased to 500 mV as in Figure 7. The small
amplitude of the parameter ¢ leads to the conclusion that, the efficiency of the DC-DC converter reduces, as
in [11]. Figure 8 presents the power spectrum of the output voltage v(¢), for ¢ = 5V and w = 100 rad/V: the
maximum of this spectrum is equal -64dB/Hz. The output voltage v(z) has a large variation attracted into an
chaotic attractor as in Figure 9. Applying the anticontrol chaos (with small amplitude of ¢) to switch-mode
power supplies aggravates the time-domain performance, but also deteriorates the frequency-domain
performance.
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Figure 7. The output voltage v(z) of the Buck converter with the control law of Eq. (4)
for c=5V and @ =100 rad/V.
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Figure 8. Power spectrum of the output voltage v(t) with the control law of Eq. (4)
for ¢=5V and o =100 rad/V.

[}
th
-~

Output voltage v (V)
M M [ou) M
52} m m M
Lo = (5} o
L

[}
h
b

[l
i)
L

[

R
T

L

249 . . . . . .
6.2 16.4 166 6.8 17 17.2 17.4 17.6

Inductar current i(A)

Figure 9. Chaotic attractor phase portrait of the state equation of the Buck converter
for c =5V and @ = 100 rad/V.

We are interested in a large variation of the parameter c. Let us show that the ¢ amplitude of the
anticontrol of chaos state feedback v.(z) has the key role to maintain a small ripple in the output and is able at
the same time to achieve low spectral emission. Increasing the ¢ amplitude decreases the output voltage
ripple (see the 0.5 mV of Figure 10) and the maximum of the power spectrum decreases also (see the -120
dB/Hz of Figure 11). The reduction of the maximum of the power spectrum of w(f) can be achieved by
increasing also the angular amplitude @. The dimension of the chaotic attractor decreases (Figure 12).
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Figure 10. The output voltage v(?) of the Buck converter with the control law of Eq. (4)
for c=150V and w =500 rad/V.
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Figure 11. Power spectrum of the output voltage v(t) with the control law of Eq. (4)
for ¢ = 150V and @ =500 rad/V.
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Table 1 summarizes the ripple and the power spectrum of the output voltage v(¢), using different
values of the parameter c. It shows that the power spectrum amplitude of the converter governed by a control
law v.(f) with small amplitude of ¢ increases the power contained in the peaks harmonics of the output
voltage and leads to a large ripple. The large values of ¢ and® we propose ensure a good ripple and cause a
spectacular decrease of the power spectrum amplitude.

Table 1. The performance of the Buck converter with diffeternt values of ¢ and o.

Maximum of power
c(V) o(ad/V) Ripple (mV) spectrum (dB/Hz)

0 0 10 -80
5 100 500 -64
150 500 0.5 -120

Figure 13 presents several independent chaotic attractors reached from different initial conditions
for small variations of ¢. In order to avoid the superposition of the attractors in a graphical state space
representation, we represent them according to v(#) and ¢ in Figure 13. Let us study their repartition in the
state space in function of c¢. For small c, the Buck converter is characterized by a unique attractor. For a large
¢, the system presents several independent chaotic attractors, reached from many different initial conditions,
as in Figure 14. Without any change of the Buck converter parameters, all the chaotic attractors are situated
on the same curve depending on R. In order to avoid different regimes of operation (as Figure 14) and to
make the Buck system converge to one attractor of interest (with the output voltage around V), starting
from different initial conditions, the anticontrol switching piecewise-binary control law is used together with
a classical PID controller. The simulation results are presented in Figure 15.

Figure 13. Independent chaotic attractors of the Buck converter for small variation of c.
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Figure 14. Some independent chaotic attractors of the Buck converter for large variation of
¢ =150V and o =500 rad/V.
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4. TWO-STAGE PFC POWER SUPPLIES

Power-factor-correction power supplies are required to provide high input power factor [12] and
tight output voltage regulation. The objective of an active PFC is to make the input of the power supply look
like a simple resistor: the PFC preregulator does this by programming the input current in response to the
input voltage. Recently some nonlinear behaviors in the PFC boost converter have been reported [13] [14]
[25] as fast-scale bifurcation [15-17] and slow-scale bifurcation [17] [18]. The above bifurcations are both
observed at the switching frequency. The PFC converter is a more complicated system and an interesting
case, because the input voltage is periodic with low frequency and the switching signal is periodic with high
frequency.

The usual configuration takes a two-stage PFC dc/dc cascade structure, consisting of a PFC
preregulator and a dc/dc converter. Both are designed to operate in continuous conducting mode. In this
paper, we study by computer simulations the interaction between the PFC stage and the dc/dec Buck converter
stage on the design of the anticontrol of chaos state feedback to achieve low spectral emission.

The boost converter circuit schematic used in the PFC is shown in Figure 16. The component values
of the complete Simulink of the two-stage PFC power supply, with both the boost PFC preregulator and the
Buck output regulator is presented in Appendix A. The feedback of the PFC Boost stage is necessary to
program the input current to follow the input voltage waveform and must control both the input current and
the PFC output voltage. To achieve near unity power factor the demanded current is in phase with the
demanded voltage. The demanded voltage Vppc,.r is compared to the capacitor voltage Voumooss and the error
signal is filtered using a typical first-order low-pass filter (with the time constant 7,) to remove any unwanted
noise. The filtered error is fed to a conventional PI controller (P, and P»/T, the constants) and the output is
multiplied by the rectified input voltage times by a proportionality constant P;.

The output of the multiplier is the current programming signal that has the shape of the input
voltage. The PFC output voltage is controlled by changing the peak current mode control amplitude (as in
Figure 17) of the current programming signal. The boost PFC preregulator typically gives a high output
voltage (as in Figure 18) which is greater than the highest expected peak input voltage and provides very
crude regulation. This way, a Buck converter is needed to step this voltage down to a useable level and to
provide tight output regulation. In this part, the same Buck converter is used, with the same parameters as in
the previous part.

The results concerning themaximum of the output voltage ripple in function of the anticontrol of
chaos feedback parameters cand wfor the complete two-stage PFC power supply are presented in Figure 19.
This ripple falls to very small values for a wide domain of low @ angular frequencies and for high ¢
amplitudes. The low ripple area can then be identified for high ¢ amplitudes. Every point (¢ and ) inside of
this area is characterized by a small output voltage ripple and several chaotic attractors, dependent of the
initial conditions (with large amplitude of ¢). Figure 19 also presents a grey area: every point inside of this
area is characterized by an important output voltage ripple and a unique attractor, independent of the initial
conditions.
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Figure 16. The PFC Buck-Boost power supply converter.
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Figure 17. Inductor current i;, from PFC Boost stage.
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Figure 18. The output voltage v,umo0s: Of the Boost PFC preregulator.
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Figure 19. The maximum of the output voltage ripple v(?) in function of the anticontrol feedback parametersc
and w, of the complete two-stage PFC power supply.

For few particular values (the same choice of parameters as for the Buck converter) of the
anticontrol feedback parametersc and w of the complete two-stage PFC power supply, we present the output
voltage, the power spectrum and phase portrait (Figure 20 — Figure 28).

Figure 20 shows the waveform of the output voltage v(¢) of the complete two-stage PFC power
supply with the control law of Eq. (4) forc = 0, where it can be see a ripple of smaller than 10 mV. The power
spectrum of v(z) is mainly composed of the fundamental frequency (a -90 dB/Hz sharp peak at 50 kHz) and
its harmonics, as presented in Figure 21. Figure 22 shows the phase portrait of (i, v).

Figure 23 also presents that the parameter ¢ has a strong influence on the output voltage ripple. For
example, while ¢ changes from 0 to 5 V, there is an increase of the ripple up to 500 mV. The power spectrum
of v(?) of the complete two-stage PFC power supply is shown in Figure 24. It is known that the amplitude at
the clock frequency (50 kHz) is the main source of EMI due to power converters. We observe a 5 dB/Hz
increase of this amplitude for the output voltage v(z). Consequently, Figure 25 presents an increasing phase
portrait dimension of the chaotic attractor.

If ¢ amplitude of the anticontrol of chaos state feedback v.(?) is increase even more, then the

maximum of the power spectrum decreases, as shown in Figure 27. The no periodicity of the power spectrum
of v(¢) indicates the presence of chaos. The whole frequency range is continuously spanned. The dimension
of the chaotic attractor (Figure 28) in the phase portrait also decreases.
We report our measurements in Table II and summarize the ripple and power spectrum of v(t), using the
same particular values of the anticontrol feedback parametersc and w of the complete two-stage PFC power
supply as for the Buck converter. The nonlinear feedback controller v.(t) proposed here with large amplitudes
of ¢ maintains a small ripple in the output and is able at the same time to achieve low spectral emissions.
This demonstrates that anticontrol of chaos improves power supply EMC.

Similar to the analysis of the Buck converter, the anticontrol of chaos state feedback v.(?) still
achieves low spectral emission and maintains a small ripple even if the this one is used as load for the PFC
Boost converter. In other words, we may conjecture from the above results that anticontrol switching
piecewise-binary control law v,(t) presents a typical characteristic: low spectral emissions.

Table 2. The performance of the PFC Buck-Boost converter with diffeternt values of ¢ and ®.
Maximum of power

c(V) o(rad/V) Ripple (mV) spectrum (dB/Hz)
0 0 10 -90
5 100 550 -85
150 500 0.5 -170
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Figure 20. The output voltage v(#) of the complete two-stage PFC power supply with
the control law of Eq. (4) forc=0.
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Figure 21. Power spectrum of the output voltage v(?) of the complete two-stage PFC power supply with
the control law of Eq. (4) forc=0.
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Figure 24. Power spectrum of the output voltage v(z) of the complete two-stage PFC power supply with
the control law of Eq. (4) for c=5V and @ =100 rad/V.
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Figure 27. Power spectrum of the output voltage v(?) of the complete two-stage PFC power supply with
the control law of Eq. (4) for ¢ =150 V and @ = 500 rad/V.
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Figure 29. The PFC Simulink schematic: V,.= 154 V, F,.= 50 Hz, i2= 2 mH, C,=470 uF,
T,=4ms, T,=1/70 s, P,=1/60, P;= 0.08, Vppc,er= 240V, T =20 ps.

CONCLUSION
We propose a feedback control to the complete two-stage PFC power supply in order to demonstrate

that chaos improves power supplies EMC without any other feedback. To confirm the efficiency of this new
method, a comparison with the anticontrol method is included. Indeed, the application of the classical method
of chaos anticontrol to these systems leads the output voltage to have an exaggerated output voltage ripple
and an undesirable spectrum, whereas these problems are solved with ours. The new controller proposed in
this paper improves the time-domain (ripple) performance and the frequency-domain (spectral) performance.
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