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 Introduction 
  
      As all-around tendency of consumed power lowering is 
escalating on still higher efficiency is needed in all fields 
of energy utilization. Considerable positive contribution to 
this in the section of electric power is coming from 
electronics in which in short span of few last decades 
power supply has changed from linear to switch mode 
power supply (SMPS) thus allowing radically to increase 
efficiency (typically several times). Although the full-load 
figures of efficiency now are rather high (as a rule at the 
grades of Energy Star program [1]) they are accompanied 
by high level of electromagnetic interferences (EMI) 
stemming from switching nature of the power regulation 
that creates widespread both conducted and radiated noises 
[2]. Additionally, in the most common cases of powering 
SMPS units from AC utilities there appears an interface 
interaction between them, reducing consumed AC power 
quality (PQ) coming to light as the low value of power 
factor (PF) [3]. The demand for high PF (e.g. standards: 
EN61000-3-2; IEC555 [4]) sets the need for power factor 
corrector (PFC) in the system (Fig.1). The use of it do 
improve PF, but PFC itself as a rule is switch-mode unit as 
well and as a such is creating additional EMI [5]. Thus the 
challenge is in the combination of high rate efficiency and 
PF (high PQ) with low EMI. The solution of this problem 
based on spread-spectrum applications in switch-mode 
PFC (boost topology) is investigated in this study.  

 

Efficiency and spread spectrum technology – theory 
 
       As it was mentioned above high efficiency (η) and PQ 
is possible to achieve by the use of switch-mode 
technology throughout the power supply stage (Fig. 1) – 
both for PFC and SMPS unit. These high qualities are 
possible to combine with low EMI only if special efforts 
are made for EMI noise suppression. One low-cost 
effective method for it is the use of spread-spectrum 
technology (SST) [6] which is not calling for additional 
power components nor for their size or rating increase and 
which we are using in this study as well. In the process we 
are focusing our attention entirely on PFC since now there 
is broad spectrum of publications in relation to SST in 
typical SMPS units [7]. 
      SST in effect means frequency modulation (FM) of the 
switching frequency fsw of switch–type power unit. This 
FM broadens and suppresses each harmonic of natural 
discrete harmonic spectrum of unmodulated fsw, converting 
the harmonics in corresponding bands: each harmonic is 
the centre of  band possessing the bandwidth Bh [7] (Fig. 
2._b): 
 

                )(2)1(2 mswfmh fhfhmfB +⋅∆=⋅+= ,        (1) 
 

where fm is the modulation frequency; Δfsw is the peak 
deviation of fsw from its unmodulated value; mf is the 
modulation index, mf = Δfsw/fm, and h is the number of 
harmonics, h=1 (fundamental), 2, 3, … This modulation of 
natural spectrum of fsw due to SST can lead to change of η 
(from the value fixed at unmodulated case) since for main 
components of PFC directly involved in energy processing 
(such as power: switch, diode, inductor, and capacitors) 
power loss in general is frequency dependent. Only in the 
case of domination of linear dependence of the losses there 
would be the compensation in average and thus the use of 
SST does not change η. With the goal for definite 
conclusions as to η due to SST the effects of loss 
frequency f=fsw specific for the components are analyzed in 
more details in the following. 
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Fig. 1. Utility interface with typical power supply for DC load 
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Fig. 2. Transformation of the harmonic h of the switching frequency fsw into the appropriate band Bh in a consequence of FM of fsw: b – 
for symmetrical FM; a, c – for asymmetrical ones 
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Fig. 3. Simplified schematic diagram of the experimental setup 

    The losses associated with the switch include [8]: 
conduction loss, switching loss, turn-off state loss due to 
leakage current, and driving loss. Nonetheless, typically 
dominating are mentioned first two – conduction (ohmic), 
Pcond and switching (dynamic), Pdyn losses which, to a first 
approximation, are [9] 
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where Ion is the on-current, V is the off-voltage, and Ron is 
the on-resistance of the switch; D is the duty cycle; tr and tf 
are the rise and fall times, respectively.   
   As to power inductor the losses are generated both by 
magnetic core, Pmc and winding, Pw. If the principle 
components for these losses are accounted (e.g., static 
hysteresis loss, classical eddy current loss, and excess loss 
for Pmc [10]; joint action of eddy and proximity effects for 
Pw) they can be presented
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where kh, kc, kex, β, cw   are the empirical coefficients, Bm is 
the peak flux density. In the case of nonsinusoidal 
excitations (typical for SMPS) these relations (especially 
for Pmc mainly because of due account of hysteresis and 
excess losses) are with reduced accuracy; matching to this, 
Pmc totally is presented by empirical Steinmetz relation or 
its modified form [11], accordingly 
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mswmmc BfCP =   or swmeqmmc fBfCP βα 1−=  ,        (4)

 
 

holding less number of empirical constants Cm, α, β (1< α 
<3; 2<β<3; typically β =2.5); the extra parameter feq is 
possible to estimate for given operational conditions [10]. 
     In the case of power capacitor loss analysis it should be 
noted that in boost PFC greatest influence is from the 
output, typically aluminum electrolytic capacitor. Power 
dissipated in this capacitor, Pdis is due to its equivalent 
series resistance (ESR): 
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where ESR components Rsd and Rmd represent the losses in 
dielectric and metallic elements of the capacitor. In 
general, ESR is frequency dependent characteristic; 
however, in typical switching frequency region of fsw 
(several 100kHz) experiments [12, 13] show ESR≈const.  

      As regards to diode losses they as well are ohmic and 
negligible for high output voltage SMPS. Consequently, it 
may be concluded from Eqs. (2-5) that the total loss of 
PFC in relation to fsw and Bm includes linear and nonlinear 
terms: 
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(6)
  

Clear domination of Pnonlin(fsw) may lead to the effect 
that η actually depends on frequency deviation Δfsw due to 
SST. Since it is not possible to determine the specific 
contribution of the components in Eq.(6) analytically both 
simulation and experimental test of possible effects is 
performed. Preliminary examination within which 
intentionally asymmetrical FM band Bh in relation to fsw is 
used (Fig. 2: a, b) really points to the effect - η obviously 
depends on the average frequency.  
 
 Experimental setup 
 
     The experimental setup (shown in Fig. 3) is based on 
boost-type PFC operating in continuous conduction mode. 
The switching frequency fsw=100 kHz, nominal output 
power Pnom=360W and regulated nominal DC output 
voltage 410 V. L4981A PWM controller is used in this 
PFC to control for sinusoidal processing of the input 
current and regulate the output voltage.  
     To implement FM, modulating signal from a signal 
generator is fed into pin 17 of the controller via an 
auxiliary circuit RgCg. The frequency fsw is set by Rosc and 
Cosc [14], but frequency fm and frequency deviation (Δfsw) 
can be adjusted by changing frequency and amplitude of 
signal generator output signal [14].  
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Fig. 4. The dependence of PF on the output power 
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Fig. 6. Efficiency η vs. Pout (fsw=100kHz; Δfsw=30kHz; 
fm=2.5kHz) 
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Fig. 7. Efficiency and loss vs. switching frequency (Δfsw=30kHz; 
fm=2.5kHz) 
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Fig. 5. The dependence of efficiency of PFC on the output power 
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Conducted EMI measurements are performed by the 
use of a spectrum analyzer (Agilent E4402B) connected to 
LISN (Hameg 6050-2). For efficiency η, THD and PF 
measurements a digital power analyzer (EM Test DPA 
500) connected between a regulated AC power source and 
PFC under test is used.  
 
Simulation of PFC 
 
      In our previous research [14] the PFC model was 
implemented by means of SymPowerSystems blockset 
offered by the simulation tool - SIMULINK. The control 
circuitry, as well as special modulated sawtooth generator, 
was realized using common SIMULINK blocks and 
Embeded Matlab Function block. The mentioned virtual 
generator block modulated the frequency of generated 
sawtooth accordingly to the signal values of optional 
sinewave. In this investigation the model of the boost type 
PFC was significantly improved.  
     The power plant of the converter under test was 
implemented by means of SimElectronics blockset, as it 
contains very detailed and extremely precise models of 
switching elements (diodes, transistors), that allows taking 
into account nonlinearities and high–frequency dynamics 
associated with these components. In order to make 
simulations as precise as possible the parameters of 
transistor and diode were specified directly from the 
provided datasheets. The already mentioned virtual 
sawtooth generator was remodeled in order to extend its 
potential and make it possible to use also aperiodic 
modulating signals of any kind. The blocks allowing for 
THD, PF and η measurement capabilities were also 
developed and included in the final simulation model.  
     The simulations were carried out using sinusoidal 
modulating signal with different frequencies and 
deviations, as well as chaotic signal, that was obtained 
from the developed SIMULINK model of the logistic map. 
The values of modulating signal’s frequency and deviation 
were chosen within the range defined in [14] in order to 
compare simulation results and obtain the boundary of the 
application of spread spectrum method.    

      The simulation data show that, as it was predicted for 
domination of Pconst and Plin in Eq(6), the periodic and 
chaotic modulation does not affect the efficiency and the 
PF of PFC in the wide range of modulating frequencies 
and deviation values. All the mentioned results were 

obtained for the full load operation of PFC. However this 
is not the only possible operating regime and nowadays 
there are steady claims for minimizing the light load power 
consumption, thus optimizing PQ and η of converters, so it 
would be necessary to determine the effects of additional 
modulation on the PF and efficiency in the entire load 
range. 

       In order to evaluate the possible effects of the control 
signal’s modulation as the output power is varied, all the 
mentioned parameters were obtained for Pout= 
[0.1Pnom,…,1.2Pnom] and fm=2.5kHz ∆fsw=30kHz. The 
appropriated data were represented in the Fig.5. 
      During simulations it has been noticed that the output 
power variations does not affect the impact of the control 
signal’s modulation on the parameters under test. So the 
previous results and conclusions could be related to the 
operation of the PFC under all possible load variations.   
Experimental results 
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     In order to examine effect of SST on η and prove our 
statement mentioned in theoretical analysis, η is measured 
for different active output loads of PFC with and without 
modulation (Fig. 6.). The experimental results confirm 
simulated ones and our theoretical premises, FM does not 
worsen η of PFC, but slightly increases it (this is because η 
is approximately proportional to fsw, according to Fig. 7). 
     As for THD and PF, FM does not deteriorate them. 
They are approximately constant in the broad range of Δfsw, 
and fm.  
      
Conclusions 
 
   This investigation shows that in the case of active PFC it 
is possible to combine high PQ with low EMI by the use of 
low-cost method – SST for EMI suppression. Both 
simulations and experiments are sustaining the theoretical 
hypothesis stating as long as there is no domination of 
nonlinear terms in total losses of PFC the use of SST does 
not worsen the efficiency. This finding allows concluding 
that SST, providing impressive possibilities of EMI 
reduction and not affecting other significant power quality 
parameters (THD, PF), is very useful method for 
application in active PFC. 
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