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Spread Spectrum Technique to Reduce EMI Emission for an LLC Resonant
Converter Using a Hybrid Modulation Method

Hwa-Pyeong Park
and Jee-Hoon Jung

Abstract—A spread spectrum technique has been introduced to
mitigate electromagnetic interference (EMI) in power converters.
However, this technique is difficult to apply to resonant convert-
ers that use a pulse frequency modulation (PFM), because the
spread spectrum can induce large output voltage fluctuations by
PFM’s switching frequency variations. In this letter, a hybrid con-
trol method using the PFM and phase shift modulation is proposed
to obtain tight output voltage regulation under the spread spec-
trum operation of an LLC resonant converter. The performance
of the proposed hybrid control method is experimentally verified
using a 500 W prototype LLC resonant converter.

Index Terms—Electromagnetic interference (EMI), LLC reso-
nant converter, output voltage regulation, spread spectrum.

1. INTRODUCTION

LECTROMAGNETIC interference (EMI) reduction has

been a significant issue for implementing switch mode
power supplies, since they should satisfy EMI standards [1].
Several EMI reduction methods have been proposed, such as
passive and active EMI filters, soft-switching techniques, and
spread spectrum techniques [2]-[7]. The spread spectrum has
been introduced to mitigate the EMI [8]-[10] with several
branches techniques such as sinusoidal, triangular, Hershey kiss,
and random modulation. Fig. 1 shows the EMI reduction using
the spread spectrum technique. It has switching frequency vari-
ations within the range of f, — Af < f. < f. — Af, where
fe is the carrier frequency and Af is the frequency devia-
tion of the spread spectrum. The frequency modulation of the
carrier frequency due to the spread spectrum is expressed as
follows [10]:

3(t) = A, cos (%f«t+2wf / t £<T)dr) 0

where A, is the amplitude of the signal, —1 < { < 1 is the
driving signal, which expresses the frequency variation for the

Manuscript received June 29, 2017; revised August 2, 2017; accepted October
12,2017. Date of publication October 25, 2017; date of current version February
1, 2018. This work was supported by the National Research Foundation of
Korea under Grant NRF-2016R1A2B4011934. (Corresponding author: Jee-
Hoon Jung.)

The authors are with the School of Electrical and Computer Engineering,
Ulsan National Institute of Science and Technology, Ulsan 44919, South Korea
(e-mail: darkrlab@unist.ac.kr; kmaop44 @unist.ac.kr; jung.jeehoon@gmail.
com).

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2017.2766284

, Member, IEEE, Mina Kim, Student Member, IEEE,
, Senior Member, IEEE

1 Amplitude (dB)

Narrowband
Signal

Spread
Spectrum
Signal

Y

—

A 4

Frequency (Hz)

Fig. 1. Comparison between narrowband interfering signal and spread spec-
trum signal.

spread spectrum. The power of s(t) is equal to A,2/2, which can
be scattered using the spread spectrum technique.

The spread spectrum technique has been widely applied to
the power converters, such as buck and flyback converters, to
suppress the EMI noise. The conventional converter topologies
have very small input—output voltage gain changes according to
the switching frequency variation. However, it generates the in-
ductor current change, which induces the output voltage ripple.
Therefore, the L-C output filter design according to the modu-
lation frequency of the spread spectrum technique is significant
to reduce the output voltage ripple [11].

The LLC resonant converter has been widely used in industry
and consumer applications, such as home appliances, battery
chargers, and data center server systems, since it has a higher
power conversion efficiency with soft switching capability, and
simple and cost-effective structure [12]-[15]. However, a pulse
frequency modulation (PFM) can make the LLC resonant con-
verter vulnerable to the EMI emission, because it changes the
peak EMI frequency according to load variations. The spread
spectrum technique can reduce the EMI emission of the LLC res-
onant converter. However, it has large output voltage fluctuation
by the spread spectrum technique, because it induces the input—
output voltage gain change by the switching frequency variation.
In [16], the series resonant converter using the spread spectrum
technique was proposed for an induction heating application.
However, this application requires only input power regulation,
which does not regulate the output voltage of the converter.

In this letter, the LLC resonant converter using the spread
spectrum technique is proposed to reduce the EMI noise
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Fig.2. Scheme of an LLC resonant converter for a spread spectrum technique.

emission. In addition, a hybrid control method using the PFM
and phase shift modulation (PSM) is proposed to regulate the
output voltage affected by the switching frequency variation
of the spread spectrum technique. The triangular modulation is
used as the spread spectrum technique. The PFM determines the
carrier frequency of the spread spectrum according to the load
variations. The instantaneous switching frequency is determined
by the triangular modulation, but it can induce large output volt-
age fluctuation. The PSM is applied to compensate the output
voltage fluctuation according to the switching frequency vibra-
tion caused by the spread spectrum. The output voltage varia-
tion by the switching frequency variation of the spread spectrum
technique is analyzed with the output filter and the input—output
voltage gain. The operational principle of the proposed control
method is introduced to show the design methodology of the
proposed control algorithm for suppressing the output voltage
fluctuation as well as for reducing the EMI noise. The output
voltage regulation and the EMI reduction performance using
the spread spectrum are verified using a 500 W prototype LLC
resonant converter and a digital controller (TMS320F28335 TI).

II. SPREAD SPECTRUM TECHNIQUE

A. Control Algorithm for EMI Reduction

Fig. 2 shows the circuit diagram of the proposed LLC reso-
nant converter, which has a full bridge structure to implement
the PSM. It has the PFM and PSM controller to regulate the
output voltage under the spread spectrum. After the PFM and
PSM controller, the spread spectrum generator implements the
triangular frequency modulation. The conventional PFM con-
troller changes the switching frequency to compensate the out-
put voltage variation according to the load variation. However,
it is equal to the carrier frequency variation of the spread spec-
trum technique. The switching frequency variation mixed by the
PFM and the spread spectrum cannot achieve the designed EM
noise reduction as well as the output voltage regulation. In this
letter, a hybrid control method is proposed, which has two oper-
ational modes to achieve the EM noise reduction and the output
voltage regulation at the same time. First mode is the steady-
state operation, and the second mode is the transient operation.

Fig. 3(a) shows the output voltage error variation in the
proposed control algorithm. The proposed control algorithm
has the borderline to the output voltage error to determine the
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Fig. 3. Proposed control algorithm: (a) output voltage error variation;
(b) peak conducted EMI level according to d f/f,, ratio; and (c) control se-
quences.

operational modes. In the steady-state mode, the triangular fre-
quency modulation changes the switching frequency to imple-
ment the spread spectrum. The PSM only operates to regulate
the output voltage of the LLC resonant converter. The PFM does
not operate in this mode because of the triangular frequency
modulation for the spread spectrum. Therefore, the controller
regulates the output voltage using the PSM under the spread
spectrum with the triangular frequency modulation. The reduc-
tion of EMI peak using the spread spectrum was introduced in
[9]. The large switching frequency variation (A f) and the low
triangular modulation frequency (f,,,) can reduce the peak EMI
value. Fig. 3(b) shows the relative peak level reduction accord-
ing to the Af/f,, ratio. In this letter, the designed EMI peak
reduction is 14 dBuV less than no spread spectrum case.

If the output voltage error is over the borderline, the controller
operates in the transient mode. In this mode, the PEM rearranges
the carrier frequency to regulate the output voltage, because the
PSM has a limited output voltage regulation range. In addition,
small phase shift induces small circulating power and rms cur-
rent. The PSM and the triangular frequency modulation do not
operate in the transient mode but initialize these values. If the
output voltage error is converged to zero, the controller operates
in the steady-state mode. Fig. 3(c) shows the block diagram of
the proposed control algorithm. It also shows two operational
conditions to implement the spread spectrum technique and the
output voltage regulation.
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Fig. 4. Comparison of output voltage variation according to switching fre-
quency variation: (a) considering output capacitance and (b) considering the
input—output voltage gain change.

B. Output Voltage Regulation

The spread spectrum technique for the conventional PWM
converters generates the output voltage ripple, because switch-
ing frequency variation induces the inductor current varia-
tion. The slow modulation frequency of the spread spectrum
technique can reduce the EMI noise, effectively, as shown in
Fig. 3(b). However, the low modulation frequency requires the
large output capacitance to suppress the output voltage ripple
with low cut-off frequency. The conventional buck converters
have to consider the cut-off frequency of the L-C output fil-
ter for decreasing the output voltage ripple. In [11], the effect
of a spread spectrum method on the output voltage ripple was
discussed. In the LLC resonant converter, output voltage ripple
with the output filter can be derived as follows [17]:

AV(fS):ESRx(Ifl)xL,Jr& )
2 C,
where ESR is the effective series resistance of the output capac-
itor, I, is the load current, and AQ = 0.3631,7;. Considering
the spread spectrum, the switching frequency variation can be
expressed as fs + A fuax and fs — A fiax A fimax 1S the maxi-
mum switching frequency variation. From (2), the output voltage
ripple at the output filter can be derived as follows:

A‘/}llter =AV (fs - Afmax) - AV (fs + Afmaux) . (3)

It shows that the large output capacitor is needed to suppress the
output voltage ripple against the switching frequency variation.
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Compared with the conventional PWM converters, the LLC
resonant converter has serious output voltage fluctuation caused
by the input—output voltage gain change according to the switch-
ing frequency variation. Using the spread spectrum technique,
the maximum output voltage fluctuation of the LLC resonant
converter can be derived as follows:

G (fs + Afmax) : ‘/in -
n

(fs - Afmax) : Vin

A‘/;J,max =
. . .4
where G/(f) is the converters input-to-output voltage gain, Vi, 18
the input voltage, and n is the transformers turn ratio. It shows
that the large switching frequency vibration from the spread
spectrum can induce serious output voltage fluctuation without
any compensating techniques. The output voltage fluctuation
according to the voltage gain change is determined with the
resonant tank design and switching frequency variation. The
theoretical output voltage ripple by the spread spectrum tech-
nique is shown in Fig. 4(a) and (b). It shows that the output
voltage ripple by the output capacitor is negligible than the out-
put voltage fluctuation from the input—output voltage variation.
Therefore, the solution to suppress the output voltage fluctuation
is required for the resonant converters.

The PSM is adopted to compensate the output voltage fluctua-
tion caused by the spread spectrum in the steady-state operation.
The PSMs voltage gain can be derived as shown in (5) at the
bottom of the page [18], where d. is the amount of the phase
shift using the PSM, f;, is the normalized frequency (fs/fs ),
fs.n is the reference switching frequency, £ is the magnetizing

G(deff) =

1 — cos (2mder/ f1)

Lo 2 = e (5 dan) + cos (350 [2 4 e (3

()

eif) — 1} + J4 sin (2’}—(16“)
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TABLE I
DESIGN SPECIFICATIONS OF 500 W PROTOTYPE CONVERTER

Parameter Experimental value
Vin 400 V
Load condition 50V, 10 A
Resonant capacitor 30 nF
Resonant inductance 70 uH
Magnetizing inductance 290 pH

7 kHz
f’m 80 Hz

TABLE II
PERFORMANCE COMPARISON

Measured No spread Spread spectrum
results spectrum without compensation
Peak CM noise 61.2dBuV 46.2dBuVvV
Peak DM noise 51.6dBuV 36.1 dBuV
Output voltage ripple  2.544 V;, 6.616 Vp,
Measured results Spread spectrum with compensation
Peak CM noise 44.9 dBuVv

Peak DM noise 35.3dBuV

Output voltage ripple 3.857 Vip

and the resonant inductance ratio (L,,/L,), and @ is the qual-
ity factor. Fig. 5(a) and (b) shows the operational waveforms
and the voltage gain of the PSM, respectively. In Fig. 5(b), the
PSM can achieve only step-down in the output voltage. The ini-
tial operating point of the PSM is important to compensate the
output voltage error according to the spread spectrum, because
it requires both the step-up and step-down capabilities in the
output voltage. The required voltage gain using the PSM can be

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 5, MAY 2018

Vi (VD0

Primary Current (SV/Div)

i (2 00V/Div)

vy o

3.2ms/1f)w ."m',t ency Variation ﬁummn

(a)

Vi (2701

Primary Current (5V/Div)

Ve (200

l

3.2ms/Div Frequency Variation (SkHz D)

(b)

Vour (200

Il

Frimary Current {SV/DW

Ve, (2OOV/DIY

3.2ms/Div Frequency Variation (SkHz/Div)
(c)

Ve (20V/Di

Light Load (Steady Light to Full Load Change Full Load (Steady State
State Operation) (Transient Operation) Operation)

-_
1 Primary Current (SV/DW)
i
]
1

1 Frequency Variation

1 (10kHz/T
320ms/Div 3&

(d)

Fig. 7. Operational waveforms: (a) no spread spectrum; (b) spread spectrum
without compensation; (c) spread spectrum with compensation; and (d) mode
transition.

derived as follows:
G =G (fc + Afma‘x) -G (deff,max)
=G (f(’ - A.fmax) -G (defﬂmin) (6)

where defr min and degr,max are the designed minimum and max-
imum effective duty ratio, respectively, and G, is the required
voltage gain. The initial operating point can be derived as
G(deff,ini) = [G(deﬁ‘,max) + G(deff,min)]/z' However, the VOltage
gain compensation using the PSM has a limited range. Fig. 5(b)
shows the available minimum and maximum voltage gain range
using the PSM. Under the maximum compensation condition,
the initial operating point (deft,ini) is half of the PSM voltage gain,
which can be expressed as G (degt ini) = G (defr max )/2. Therefore,
the minimum and maximum voltage gain variation by the spread



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 5, MAY 2018

97%

95%

93%

91%

89%

——Conventional LLC

=+=Proposed Method
87%

85%

100W  200W 300W 400W 500W

Fig. 8. Comparison of power conversion efficiency between the proposed
hybrid modulation technique and the conventional PEM modulation according
to load variations.

spectrum can be expressed as G(f. + A fmax) = G(f.)/2 and
G(fe — Afmax) = 2G(f.), respectively. The available maxi-
mum switching frequency range is changed by the resonant tank
and the load condition, because the voltage gain curve shape
and sharpness of the LLC resonant converter are affected by the
quality factor, the magnetizing inductance, and load condition.
Under the light load condition, the LLC resonant converter has
high voltage gain sharpness, which can be design reference to
determine the maximum switching frequency variation range.

III. EXPERIMENTAL RESULTS

Fig. 6(a) and (b) shows the peak common mode (CM) and dif-
ferential mode (DM) noises, respectively. The spread spectrum
technique using the triangular modulation reduces the EM noise
effectively. The specification of the power converter and the
spread spectrum technique used in the experiment is described
in Table 1. Fig. 7 shows the comparison of the output voltage
regulation performance. If the PSM is not used to compensate
the output voltage ripple according to the spread spectrum, the
LLC resonant converter has 2.6 times higher output voltage rip-
ple than the no spread spectrum case, as shown in Fig. 7(b).
However, the PSM compensation has 0.58 times smaller out-
put voltage ripple than the no compensation case, as shown in
Fig.7(c), whichis 1.5 times higher output voltage ripple than the
no spread spectrum case. Table II shows the comparison of the
output voltage fluctuation and the EM noise. The power supplies
for the home appliances, such as TV and computer, have low
dropout regulators (LDOs) or small-sized converter after the
main power supply. Therefore, in those applications, the out-
put voltage variation around ten percent can be acceptable for
those systems. In addition, dc motor applications such as print-
ers can operate under ten percent output voltage fluctuation.
Fig. 7(d) shows mode change cases between the steady-state
and the transient modes. In the step-load variation, it shows
the output voltage regulation using the proposed modulation
method. Fig. 8 shows the comparison of the power conversion
efficiency between the proposed hybrid modulation technique
and the conventional PFM method. There is no difference be-
tween two efficiency curves according to the load variation.

IV. CONCLUSION

In this letter, the PFM and PSM hybrid control algorithm is
proposed to implement the spread spectrum technique and to
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achieve tight output voltage regulation for the LLC resonant
converter. The operational principles of the proposed control
algorithm are analyzed to reduce the EM noise and the output
voltage fluctuation. The experimental results show the EM noise
reduction (—12.9 dBpV on DM and —16.1 dBpV on CM).
In addition, the proposed control algorithm shows 0.58 times
smaller output voltage fluctuation than the case of using the
spread spectrum without compensation.
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