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SUMMARY This paper investigates the effect of several frequency
modulation profiles on conducted-noise reduction in dc-dc converters with
programmed switching controller. The converter is operated in variable
frequency modulation regime. Twelve switching frequency modulation
profiles have been studied. Some of the modulation data are prepared us-
ing MATLAB software, and others are generated online. Moreover, all
the frequency profiles have been designed and implemented using FPGA
and experimentally investigated. The experimental results show that the
conducted-noise spreading depends on both the modulation sequence pro-
file and the statistical characteristics of the sequence. A substantial part of
the manufacturing cost of power converters for telecommunication applica-
tions involves designing filters to comply with the EMI limits. Considering
this investigation significantly reduces the filter size.
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1. Introduction

Switching power converters generate considerable electro-
magnetic interference (EMI) noise [1]. EMI noise reduc-
tion is generally accomplished by three means: suppression
of noise source, isolation of noise coupling path, and fil-
ter/shielding [2]. Common tools such as passive filters and
shields will put increased pricing pressures on dc-dc con-
verters.

The noise peaks of EMI spectrum are mainly concen-
trated on multiples of switching frequency. However, in the
case of switching frequency modulation techniques, the en-
ergy of harmonics is spread across a well defined frequency
band; the peak of harmonics drastically decreases [2]-[15].
This paper investigates the effect of a dozen of frequency
modulation profiles on conducted-noise reduction in dc-dc
converters using a programmed switching controller. Con-
sidering this investigation can permit a significant saving in
the required EMI filter cost.

The field-programmable gate array (FPGA) is a flexi-
ble and attractive hardware design option, becoming lower
cost, and applicable for power supply applications [6]—
[9]. The implementation of investigated spread-spectrum
regimes has been accomplished by FPGA technology.
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This paper is organized as follows. Section 2 describes
the programmed frequency modulation. Section 3 presents
details of the experimental test circuit. Experimental results
and discussions are presented in Sect.4. Finally, conclu-
sions are addressed Sect. 5.

2. Programmed Frequency Modulation

The implementation of the studied profiles has been accom-
plished by using an FPGA-based controller and experimen-
tally investigated as shown in Fig. 1.

2.1 Investigated Frequency Modulation Profiles

The investigated profiles can be classified into two groups
as follows:

Group I:

Sinusoidal modulation.
Triangular modulation.
Sawtooth modulation.
Exponential modulation.
Square modulation.

6. Zigzag modulation.
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Group II:

7. Chaotic modulation.
8. Markov chain based random modulation.
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Fig.1 Block diagram of the controlled DC-DC converter with the
conducted-noise measurement system.
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9. Uniformly distributed random modulation.
10. Normally distributed random modulation.
11. M-sequence based random modulation.
12. Pseudorandom stream modulation.

2.2 Data Preparation and Implementation

All the investigated profiles fulfill the following considera-
tions:

o Center switching frequency, f.,, = 300 kHz.

e Frequency deviation, AF = +25%, and so:
Lower switching frequency limit, f; = 0.75 x 300 =
225 kHz.
Upper switching frequency limit, fy = 1.25 X 300 =
375kHz.

e Number of the switching frequency points in the mod-
ulated sequence array, N, = 256 point.

All the twelve sw1tch1ng frequency modulation pro-
files, stated above, have been investigated. Some of the
modulation data are prepared using MATLAB software, and
the others are generated online. These profiles can be de-
scribed in detail as follows:

2.2.1 Sinusoidal Modulation

The mathematical expression of the modulated frequency,
following a sinusoidal modulation profile, is:

Fk_(szfL) n(N )+fcvw )
P

where F} is the switching frequency of the kth cycle, and k
=1,2,...,N,

Figure 2(a) shows the modulated switching frequency
sequence with a sinusoidal profile. In addition, Fig.2(b)
presents the calculated discrete probability distribution of
these frequencies and their probability mass level. The cen-
ter frequency is swept from the lower frequency to the up-
per frequency. The presented probability mass level at the
center frequency of the bandwidth is the sum of the dis-
crete probability values at the frequencies that fall within the
bandwidth. In order to obtain a meaningful discussion that
concisely implies the relation between the measured noise
spectra and the investigated profiles, the resolution band-
width (RBW) is taken as the same RBW of the spectrum
analyzer (RBW = 9 kHz).

2.2.2  Triangular Modulation

The mathematical expression of the modulated frequency,
following a triangular modulation profile, is:

(fH _fcsw)(;\f/_k) +fcsw’ for k < %

N,,
+fH, for p <k< % )

Fo=10L —fH)(

(fesw — fL)[ ( TP)J + f, fork > 3Ny
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Fig.2  Sinusoidal modulation: (a) modulated switching frequency se-
quence and (b) discrete probability distribution and probability mass level.

Figure 3 shows the modulated switching frequency se-
quence with a triangular profile and its probability charac-
teristics.

2.2.3 Sawtooth Modulation

The mathematical expression of the modulated frequency,
following a sawtooth modulation profile, is:

(fu - fcsw)( )"'fcsw’ for k < TP

Fk = (
(fcsw fL)(

3)

))+fL, f0rk>

2.2.4 Exponential Modulation

The introduced exponential modulation profile in [10]-[12]
is applied here for comparing the EMI performances. The
mathematical expression of the modulated frequency, fol-
lowing an exponential modulation profile, can be expressed
in a discrete form as:
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Fig.3  Triangular modulation: (a) modulated switching frequency se-
quence and (b) discrete probability distribution and probability mass level.

A ( & _ ) for k < %
A ( 1),forN”<k<
Fy = “)
Ap(l ”Nﬂ) for 2 < k < b
Ap(l _ e ) for k > 2
where A, = {’l{”w , p 1s a parameter controlling the con-

(e ¥m’~1)
cavity or convexty of the exponential profile. The results in

this paper were obtained at a value of p = 12f,,.

Figure 4 shows the modulated switching frequency se-
quence with an exponential profile and its probability char-
acteristics.

2.2.5 Square Modulation

The modulated switching frequency sequence with a square
profile has been calculated using (4), at p = —144f,,. Fig-
ure 5 shows the modulated switching frequency sequence
with a square profile and its probability characteristics.

2.2.6 Zigzag Modulation

The mathematical expression of the modulated frequency,
following a zigzag modulation profile, can be presented as:
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Fig.4  Exponential modulation: (a) modulated switching frequency se-
quence and (b) discrete probability distribution and probability mass level.
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Fig.5 Square modulation: (a) modulated switching frequency sequence
and (b) discrete probability distribution and probability mass level.
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Fig.6  Zigzag modulation: (a) modulated switching frequency sequence
and (b) discrete probability distribution and probability mass level.

®)

P = fu, for odd k
K7 fi, for even k

Figure 6 shows the modulated switching frequency se-
quence with a zigzag profile and its probability character-
istics. It is noticed that the probability mass level of such
profile (seen in Fig. 6(b)) is similar to that in the previous
case (square modulation, seen in Fig. 5(b)).

2.2.7 Chaotic Modulation

The mathematical expression of the modulated frequency,
following a chaotic modulation profile, can be presented as:

ol

where ¢ is a parameter controlling the distribution of the
chaotic profile. The results in this paper were obtained at
a value of ¢ = 0.001.

Figure 7 shows the modulated switching frequency se-
quence with a chaotic profile and its probability characteris-
tics.

Fy = (fu— fo) X +fi (6)

2.2.8 Markov Chain Based Random Modulation

In this case, the modulated frequency is chosen according to
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Fig.7  Chaotic modulation: (a) modulated switching frequency sequence
and (b) discrete probability distribution and probability mass level.
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Fig.8  Switching frequency modulation governed by Markov chain.

the state of a Markov chain [13],[14]. The introduced ex-
ample in [13] is applied here for comparing the EMI perfor-
mances. Figure 8 schematically shows a four state Markov
chain, corresponding to the following policy. The controller
observes the last switching frequency and if it is F'y, then ei-
ther of F; with probability 0.25 or F, with probability 0.75
is selected for the next cycle. If it is F, then either of F3 or
F, is selected for the next cycle with probability 0.5. If it is
F3, then either of F, or F is selected for the next cycle with
probability 0.5. If it is F4, then either of F4 with probabil-
ity 0.25 or F3 with probability 0.75 is selected for the next
cycle.

2.2.9 Uniformly Distributed Random Modulation

The switching frequency is changed uniformly from f; up
to fy at the range of f.5, £ Af as shown in Fig. 9.
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2.2.10 Normally Distributed Random Modulation

The switching frequency is changed normally from f; up to
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Fig.9  Uniformly distributed random modulation: (a) ideal normalized

uniformly distributed random sequence and (b) discrete probability distri-
bution and probability mass level for the actual generated sequence.
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fu at the range of f.,, = Af as shown in Fig. 10.
2.2.11 M-Sequence Based Random Modulation

In this case, the modulated frequency is shifted between two
values (fz, and fg) corresponding to the output signal of a
16-bit M-sequence (‘0” and ‘1, respectively) [15].

2.2.12 Pseudorandom Stream Modulation

A pseudorandom stream generator has been constructed us-
ing several maximum length linear feedback shift registers
(m-LFSRs) in parallel. The using of m-LFSRs is due to the
fact that the sequence generated by the m-LFSRs has a max-
imum period [16]. For different m-LFSRs output bits, dif-
ferent initial contents of m-LFSRs (seeds) have been used.
The taps are XOR’d sequentially with the output and then
fed back into the leftmost bit.

The designed pseudorandom stream generator delivers
a 16-bit output as shown in Fig.11. The component m-
LFSRs are clocked regularly. Only at the beginning of ev-
ery switching cycle, the random output bits are converted
into an integer number and used in calculating the switching
frequency for the started switching cycle.

3. Experimental Work

As described in Fig. 1 and Fig. 12, the line impedance sta-
bilization network (LISN) is used to sense the conducted-
noise that is measured by an EMI receiver [1].

The generated sequences have been designed and im-
plemented inside an FPGA device. A synchronous buck
converter topology was selected. The output ripple voltage
has been measured and the produced acoustic noise has been
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Fig.12  Experimental converter circuit configuration.
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Table 1  Summary of the experimental results for the frequency modulation regimes with different
profiles.
%3 ? Frequency modulation profile Noise level reduction, dB Percentage increase of ripple voltage Acoustic noise
£ o LF HF with the reference of that at PWM
1 | Sinusoidal modulation -6.0 6.0 3.90625 No
2 | Triangular modulation -5.1 11.2 2.734375 No
3 | Sawtooth modulation -3.0 12.5 3.125 Small
I
4 | Exponential modulation 2.2 11.0 0.78125 No
5 | Square modulation -7.8 -0.2 3.90625 Large
6 | Zigzag modulation -1.7 5.8 0 No
7 | Chaotic modulation 1.2 11.3 0.78125 Small
8 | Markov chain based random modulation 0.5 8.8 1.5625 Large
- 9 | Uniformly distributed random modulation 0.8 114 0 No
10 | Normally distributed random modulation -1.2 11.4 -0.390625 Small
11 | M-sequence based random modulation -2.1 6.5 0.78125 Large
12 | Pseudorandom stream modulation 0.5 12.3 0 No

noticed and recorded. Noise was measured at: V;,, = 12V,
V, = 3.3V, and I, = 5 A at a resolution band width of the
spectrum analyzer RBW = 9kHz.

4. Results and Discussion

The measured conducted-noise frequency spectra are shown
in Fig. 13 using different frequency modulation profiles.

Although the probability mass levels for the square and
zigzag modulations are similar (see Fig. 5(b) and Fig. 6(b)),
the accompanied conducted-noise frequency spectra are dif-
ferent (see Fig. 13(e) and Fig. 13(f)). That is due to their
different frequency modulation sequence profiles.

Both of the chaotic and uniformly distributed random
modulations have similar frequency modulation sequence
profiles and probability mass levels (see Fig.7 and Fig.9).
That leads to similar accompanied conducted-noise fre-
quency spectra (see Fig. 13(g) and Fig. 13(1)).

The pseudorandom modulation attains a good EMI per-
formance. That is due to its good probability characteristics
and endless random sequence (i.e. the used pseudorandom
number generator digitally simulates the white noise ran-
dom number generator).

It is clear that the noise peaks are concentrated mainly
in two regions: the first region in the low-frequency (LF)
range (0.15-1MHz) around the frequencies which have
higher probability mass levels (for example see Fig. 13(a)
and Fig.2(b)) and the other region in the high-frequency
(HF) range (1-30 MHz).

A comparison has been carried out by subtracting the
conducted-noise peak of the PWM regime from that of the
variable frequency modulation regime in the two regions.

Table 1 summarizes the measured experimental results for
the frequency modulation regimes with different profiles.

5. Conclusions

The effect of using different frequency modulation regimes
on the conducted-noise characteristics of a dc-dc converter
has been experimentally investigated. It can be concluded
that:

1. The conducted-noise spreading depends on both the
frequency modulation sequence profile and the statis-
tical characteristics of the sequence. Thus both factors
should be considered when designing a programmed
switching controller targeted conducted-noise reduc-
tion in dc-dc converters.

2. Due to its poor EMI performance and large acoustic
noise, the profiles in group (I) are not a good choice
for frequency modulation regimes in EMI-sensitive and
audible applications. They do not significantly improve
the conducted-noise spectrum in the high-frequency
range. Moreover, they increase the conducted-noise
peak in the low-frequency range.

3. The chaotic modulation, uniformly distributed random
modulation, and pseudorandom modulation regimes at-
tain the best EMI performance. They improve the
conducted-noise characteristics, not only in the low-
frequency range, but also in the high-frequency range.
In addition they do not deteriorate the converter’s nor-
mal operation.
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