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Abstract—DC-DC Converters are known to be potential
sources of electromagnetic radiation due to their discon-
tinuous working principle. A periodic switching operation
will result in a discrete power density spectrum and hence
in a poor EMI performance. In order to improve this per-
formance various methods are being applied. In this paper
we focus on clock period and clock frequency modulation
by use of pattern generators. We introduce performance
indices in order to evaluate the EMI produced by the con-
verter. Using these indices we propose methods to find op-
timised modulation patterns of finite length.

1. Introduction

DC-DC converters produce AC current components at
the supply line due to their discontinuous working prin-
ciple, i.e. switching voltages and currents. This causes
electromagnetic interference (EMI) with other systems.
Conventional DC-DC converters are clocked periodically
which results in a discrete power density spectrum (PDS)
with poor EMI performance. To improve EMI several
methods exist e.g. supply line filtering, pulse shap-
ing, periodic[1], chaotic[2],[3] and randomised modulation
schemes[4]. As most systems today contain a digital pro-
cessor periodic modulation using a pattern generator with
finite memory is very common. This paper investigates
the synthesis of optimised modulation sequences of finite
length especially appropriate for use in pattern generators.
Therefore in section 4 we introduce performance indices to
rate the PDS of a modulation sequence. We propose an op-
tion of considering EMC conventions by the performance
index. In section 5 we propose two methods of synthesis-
ing optimised modulation sequences and compare them in
the application of a the DC-DC converter.

2. DC-DC Converter

Fig. 1 depicts the DC-DC converter schematic. It oper-
ates using hysteresis control. The switch S is switched on
when the inductor current iL reaches the reference current
Ir and off when iL exceeds the upper limit Ir + In. In the
steady state Ir is constant. In the sequel the PDS of the in-
ductor current will be optimised. This is done by changing
the distance In in every switching cycle. Fig. 2 draws the
corresponding time waveform of il . Every time the switch
closes the pattern generator provides a new value In. The
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Figure 1: Boost converter with hysteresis control.
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Figure 2: Hysteresis control inductor current.

pattern generator has a finite memory and hence the modu-
lation waveform is periodic.

3. Spektrum calculation

The fourier coefficients of the periodic time function
iL(t) are given by:

ck =
m1 +m2

k2ω2
0τ2N

N

∑
n=1

(
e jkω0τ2n−1 − e jkω0τ2n

)
, k ∈ Z (1)

where N is the length of the sequence, τ2n−1 =(
1

m1
+ 1

m2

)
∑n−1

µ=1 Iµ + 1
m1

Iµ, τ2n =
(

1
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+ 1
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∑n

µ=1 Iµ and

ω0 = 2π
τ2N

. The corresponding power spectral line of the
inductor current is

pk = 2|ck|2, k ∈ N+ (2)

In [5] the statistical analysis of this kind of signals is ex-
plained in detail. The PDS consists of delta pulses. As a
result of the resolution bandwidth of the analyser which is
larger than zero the measuerd PDS will be finite. When
the resolution bandwidth is small enough compared to ω0

the measured PDS is the calculated power of the spectral
line. This we will assume in the sequel and use the Power
spectrum instead of the PDS.

2004 International Symposium on Nonlinear
Theory and its Applications (NOLTA2004)

Fukuoka, Japan, Nov. 29 - Dec. 3, 2004

323



4. Performance indices

4.1. Indices

The performance index id provides a goal function for
optimisation procedures. Several approaches are possible
depending on the objectives of the optimisation:

1. Power within a bandlimited interval

id =
kmax

∑
kmin

pk (3)

2. Maximum power coefficient in an interval

id = max(pk), k ∈ [kmin,kmax] (4)

3. Difference between maximum and minimum power
coefficient in an interval

id = max(pk)−min(pk), k ∈ [kmin,kmax] (5)

4. Power difference between neighboring power coeffi-
cients in an interval

id =
kmax−1

∑
kmin

|pk+1 − pk| (6)

To optimise the EMI performance we use index 2.

4.2. EMC conventions

EMC conventions define an upper limit curve for the
measured PDS. A typical shape [6] is depicted in Fig. 3.
To consider the EMC conventions the Power spectrum will
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Figure 3: Typical EMC shape.

be weighted with the EMC shape of Fig. 3, i.e. we divide
the power coefficients by HEMC(ω) and determine perfor-
mance index 2 from the result. This index has to be min-
imised.

5. Pattern optimisation methods

A natural approach is to take all N subsequent values of
the sequence In as optimisation variables. This results in
an N-dimensional optimisation problem. However the goal
function turns out to have multiple minima so that iteration
procedures tend to find local minima rather than the global
one.

In the sequel we discuss two methods to overcome this
problem.

5.1. Polynomial waveform generation

5.1.1. Method

We use a polynomial sequence waveform given by:

In =

⎧⎪⎨
⎪⎩

Imin +a
(

n
N

)α
0 < n ≤ 1

4 N

Imax −b
∣∣ 1

2 − n
N

∣∣β 1
4 N < n ≤ 3

4 N
Imin +a

(
1− n

N

)α 3
4 N < n ≤ N

(7)

where:

a =
Imax − Imin

2
4α, b =

Imax − Imin

2
4β (8)

This approach can also be found in [1] in principle and in-
cludes the goal functions therein. Fig. 4 depicts three se-
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Figure 4: Polynomial waveform.

quence waveform examples.

5.1.2. Results

The converter parameters used for power spectrum opti-
misation are shown in Tab. 1. We investigate the following

Table 1: DC-DC converter parameters
m1 170 A/ms
m2 340 A/ms
Imin 1 A
Imax 1.5 A

cases:

1. In = 1.25 A = const., classical periodic case as refer-
ence.
Result: The power of the first and largest harmonic is
61 mA2.

2. Polynomial waveform generation (Eq. (7)) without
EMC shape consideration, N = 50.
Result: The optimum exponents are α = β = 0.58.
Fig. 5 depicts the corresponding Power spectrum. The
maximum power in the region of the mean clock fre-
quency is reduced by approximately 9 dB.

3. Polynomial waveform generation (Eq. (7)) with EMC
shape consideration, N = 50, f1 = 80 kHz and f2 =
300 kHz in Fig. 3.
Result: The optimum exponents are α = β = 0.84.
The corresponding Power spectrum and the EMC
shape are depicted in Fig. 6.
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Figure 5: Converter Power spectrum, polynomial wave-
form, no EMC shape.
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Figure 6: Converter Power spectrum, polynomial wave-
form, EMC shape.

Fig. 7 depicts the dependence between the pattern length
N and the optimum exponents for the cases 2 and 3. For
small pattern length it is a large value as a result of fast
modulation effects [2]. Note that the result of the optimisa-
tion is α = β. This is no longer true if the pattern generator
and switch are not synchronised. The maximum value of
the optimised Power spectrum versus pattern size N is de-
picted in Fig. 8.

5.2. Iterative optimisation procedure

5.2.1. Method

We start with an initial waveform. It can be arbitrarily
chosen or determined by the procedure in 5.1. Then we
vary every single value of the modulation sequence until a
minimum of the goal function is found. This procedure is
iterated until no further improvement is achieved. Never-
theless the minimum remains to be a local one. It depends
on the initial sequence where the procedure starts.

5.2.2. Results

We investigate the following cases:

 0

 1

 2

 3

 4

 5

 10  20  30  40  50  60  70  80  90  100

op
tim

al
 p

ow
er

elements

No EMC shape
EMC shape

PSfrag replacements

Pattern size
Optimal α = β

EMC shape
No EMC shape

Figure 7: Optimal exponent versus pattern size N, polyno-
mial waveform.
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Figure 8: Maximum spectral power versus pattern size N,
polynomial waveform.

1. Initialisation with classical periodic sequence, In =
1 A, N = 50, no EMC shape consideration.
Result: Fig. 9 depicts the optimised control sequence.
It is close to binary modulation schemes, see [2]. The
Power spectrum is depicted in Fig. 10 by the thin solid
line. The maximum power is reduced by 12 dB com-
pared to periodic clock which is about 3 dB better than
the polynomial fitted waveform.

2. Initialisation with classical periodic sequence, In =
1 A, N = 50, EMC shape consideration, f1 = 80 kHz
and f2 = 300 kHz.
Result: The power spectrum is depicted in Fig. 10 by
the thick dashed line. As a result of the larger number
of parameters this method is much better appropriate
to fit the control sequence to requested EMC conven-
tions than the polynomial waveform generation.

3. Initialisation with triangular sweep, N = 50, no EMC
shape consideration.
The resulting control sequence is drawn in Fig. 11 by
the thin solid line. The maximum power is reduced by
11 dB comparing to the periodic clock.

4. Initialisation with optimised polynomial waveform of
section 5.1, N = 50, no EMC shape consideration.
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Result: Fig. 11 depicts the optimised control sequence
by the thick dotted line. The maximum power here is
10 dB below the classical periodic case.

When triangular sweep and polynomial waveform are used
as initialisation sequence the optimisation procedure results
in similar waveforms (Fig. 11) i.e. that the performance
indices of these waveforms are closed to local minima.
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Figure 9: Iterative optimised classical periodic sequence.
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Figure 10: Power spectra of iterative optimised classical
periodic sequence.

As the iterative procedure results only in a local mini-
mum depending on the initialisation sequence several runs
with different initialisation sequences should be performed.
In our examples the periodic case produced the best result
which is about 3 dB better than the fitted exponential wave-
form and 4 dB better than the triangular sweep.

As the triangular sweep is standard in modulated clock-
ing schemes it can be used as performance reference. The
iteration procedure results in substantial improvement for
small pattern lengths (30 values or less). From varius ex-
periments we found that the iterative procedure is always
worthwhile to be applied if an EMC shape is considered as
a result of its higher fitting performance.
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Figure 11: Iterative optimised waveforms.

6. Conclusions

Modulation is an efficient method to adjust the EMI per-
formance of DC-DC converters. In the paper we introduced
performance indices as a base of optimisation procedures.
Two methods of optimising finite control sequences have
been proposed. Examples have been provided. For opti-
misation a software tool has been implemented. Extended
waveform generations using further parameters moving the
boundaries between the segments of Eq. 7 and algorith-
mic optimisation of binary periodic and nonperiodic mod-
ulation schemes are due to future work. Further research
on evolutionary methods to find a global optimum can im-
prove the method.
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