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Abstract
Boost power factor correction (PFC) circuit is widely employed in industrial applications to provide regulated DC-link volt-
age and high-power factor. However, the high switching frequency in boost PFC circuit generates significant electromagnetic 
(EM) noise. Although electromagnetic interference (EMI) filters can effectively mitigate EM noises, they introduce trade-offs, 
such as high cost, low efficiency, and low power density. To address those challenges, spread spectrum modulation (SSM) 
methods have been researched. They distribute the switching frequency over a wide frequency band, reducing peak and 
quasi-peak EM noises. Random SSM shows high EM noise mitigation performance due to its ability to uniformly distribute 
noise in a stochastic manner. However, random SSM increases computational burden due to random number generation and 
operating instability from abrupt frequency shifts in power converters. Although employing random SSM in a CCM boost 
PFC can effectively mitigate EM noise, its control performance cannot be guaranteed due to distorted current sampling data. 
To overcome those drawbacks, this paper proposes a variable sampling method to implement random SSM under CCM boost 
PFC circuit. The design methodology of the proposed random SSM for the boost PFC circuit, focusing on digital implemen-
tation, EMI reduction. In addition, associated side effects according to various SSM parameters are analyzed and discussed.

Keywords  Power factor correction · Spread spectrum modulation · Electromagnetic interference · Random modulation · 
Variable sampling

1  Introduction

Boost power factor correction (PFC) circuits have been 
widely employed in industries to meet electromagnetic com-
patibility (EMC) standards [1–3]. Among the three modes of 
the PFC operations, the continuous conduction mode (CCM) 
is frequently chosen for high-power applications due to its 
reduced current ripple and low total harmonic distortion 
(THD). However, although boost PFC circuit improve har-
monic compliance, it also generate EM noise, complicating 
compliance with EMI regulations.

The EM noise in the boost PFC circuit typically manifests 
as differential mode (DM) noise, which arises from inductor 

current ripples, and common mode (CM) noise induced by 
parasitic capacitances [4]. Various approaches have been 
introduced to mitigate the EM noise, such as shielding, 
groundings, PCB layout changes, and passive EMI filters 
[5–10]. However, achieving regulatory compliance often 
requires multiple stages of the passive EMI filters, which 
increases manufacturing costs and reduces power density.

Spread spectrum modulation (SSM) has emerged as a 
promising strategy to alleviate the burden on passive EMI 
filters by varying the switching frequency of the PFC circuit 
using periodic and random modulation patterns [11, 12]. 
Rather than concentrating the EM noise at a single switching 
frequency, the SSM disperses the noise energy across a wide 
frequency band, reducing its peak and quasi-peak values.

Nonetheless, the SSM introduces specific side effects. 
Various research has been conducted to optimize EM noise 
mitigation performance while minimizing the side effects 
of the SSM in the power stage. In [13], SSM was applied 
to flyback PFC operating in the discontinuous conduction 
mode (DCM). When SSM was employed, current distortion 
occurred on the input side due to the switching frequency 
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term in the input current, degrading power factor (PF) by 
increasing inductor current ripple. By employing a small-
signal model to analyze the effects of SSM, the author 
adjusted SSM with additional dead time to minimize its 
effect on input current. The given method showed 14 dB 
of reduced EM noise with a 2.9% THD decrease compared 
with conventional fixed-mode operation. In [14], SSM was 
employed in a three-level boost PFC operating in the DCM.

Since DM noise is proportional to inductor current ripple, 
minimizing the current ripple on the inductor can reduce 
DM noise while reducing the current stress of devices. The 
author proposed an adaptive three-level current, adding an 
adaptive single-switch on-time tα in each switching cycle 
to obtain three-level current modulation. Compared to con-
ventional SSM, the method reduced an additional 2.7 dB of 
DM noise.

Despite extensive research on SSM in DCM PFC, appli-
cation to boost PFC operating in CCM using random SSM 
has not been thoroughly investigated. Previous studies [13, 
14] have implemented SSM in DCM PFC using only an 
outer voltage loop. A common limitation of these studies is 
that SSM has not been directly used in converter employ-
ing current control. In CCM boost PFC, current control is 
essential to shape the current reference sinusoidally and keep 
it in phase with the input voltage. However, random SSM 
can adversely affect converter performance due to abrupt 
switching frequency changes and discrepancies between the 
sampled current and the actual average current.

This study proposes a random SSM implemented in a 
1.4 kW boost PFC prototype using average current mode 
control, aiming to address the above technical challenges. 
The performance of the proposed random SSM is systemati-
cally evaluated by examining the trade-offs among EM noise 
mitigation, THD, and efficiency. By employing a variable 
sampling method to implement random SSM in average cur-
rent mode control, sample data errors relative to the actual 
average current can be minimized. This enables effective EM 
noise mitigation while preserving input current waveform 
quality. Furthermore, a detailed examination for implement-
ing the proposed random function algorithm is presented 
with suitable experimental results.

2 � Random SSM in boost PFC

2.1 � Technical background of SSM

Figure 1 illustrates spectral waveforms with and without 
the SSM, where fc represents the center frequency and ∆f 
denotes the amplitude of frequency variations. By modulat-
ing the switching frequency across a range of 2∆f, the EM 
noise is distributed across a wider bandwidth as follows:

where s(t) is the frequency modulation signal, A0 is the 
amplitude of the switching signal, and ξ(τ)is the modulation 
pattern of the SSM varying between -1 to 1 with a period 
of 1/fm [15]. According to Carson’s rule, the power of s(t) is 
A2

0
∕2 , which is equivalent to operating at a fixed frequency. 

However, power disperses within Carson’s bandwidth [fc–∆f, 
fc + ∆f], reducing the peak value.

The SSM is categorized into two types: periodic SSM 
and random SSM. Periodic SSM refers to a modulation 
scheme with a periodic switching pattern, which facilitates 
straightforward implementation and minimizes the com-
putational demands. It allows for predictable performance 
assessment through the modulation index (mf = Δf/fm) 
directly correlating with EM noise mitigation. In contrast, 
random SSM employs switching patterns that change ran-
domly. Random SSM can be further categorized based on 
the method used to implement the random numbers [16]. 
A widely known method is pseudo-random modulation. As 
depicted in Fig. 2, pseudo-random modulation maintains 
a constant fm. However, the magnitude of the switching 
frequency varies between the limited values. Random SSM 
can also be expressed in mitigation performance with mf, 
as depicted in Fig. 3. Compared with periodic SSM, it 
shows higher mitigation performance under the same mf 
but lacks accuracy [17].

However, random SSM has side effects when employed 
in power converters. Generating a random value in every 
fm

can be challenging due to the use of complex algo-
rithms. In addition, abrupt frequency transitions can intro-
duce instability in power converters. Despite those short-
comings, the random SSM has the advantage of EM noise 
mitigation performance. Due to its randomness, it enables 
more uniformly distributed noise across the bandwidth, 
enhancing the EM noise mitigation performance compared 
with periodic SSM.

(1)s(t) = A0

(
2�fct + 2�Δf ∫

t

−∞

�(�)d�

)

Fig. 1   Conceptual EM noise distributions with and without SSM
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2.2 � Impact of random SSM on a boost PFC circuit

While employing SSM in a boost PFC circuit to mitigate EM 
noise, the impact varies depending on the operating region. 
When the boost PFC is designed to operate in the DCM, the 
input current can be shown as below [18]:

where vin(t) is the input voltage, Vo denotes the output volt-
age, LB indicates the boost inductance, D is the duty cycle, 
and fs(t) is the switching frequency employing SSM. The 
controller regulates D to compensate for variations of fs. 
However, the voltage controller in the PFC is designed with 
a cutoff frequency between 10 ~ 30 Hz, which makes it dif-
ficult for the voltage controller to compensate for output 
voltage fluctuations. Therefore, the input current spectrum 
includes interharmonic components of fm ± fgrid, which 
degrades the PFC performance [13].

However, when the boost PFC circuit operates in the 
CCM, the DCM region only occupies a small portion of the 
cycle, reducing the impact of the switching frequency on the 
input current. The reference of the input current is defined 
as (3) when using average current mode control as follows:

where Gv represents the output of the outer voltage loop, and 
Vin denotes the rms value of the input voltage. Since the ref-
erence of the input current does not need to compensate for 
terms related to fs(t), the current controller can regulate the 
switching current following the reference current. Therefore, 
for the CCM boost PFC circuit, employing SSM has merits 
compared with the DCM.

However, in the average current mode control, it is crucial 
for the sampled current to represent the average value for 
every switching cycle to obtain high PF and low THD. The 
conventional fixed sampling method can lead to a discrep-
ancy in the CCM between the sampled current and the actual 
average current, resulting in switching current distortions.

3 � Design methodology

3.1 � Variable sampling technique for average 
current mode control

Figure 4 shows the average current mode control with ran-
dom SSM in the boost PFC. It uses the sensed input volt-
age multiplied by the voltage loop compensator. Then, their 
product is divided by the square of the RMS value of the 
input voltage, resulting in the input current reference. The 
regulator compensates for the error between the current ref-
erence and the sensed current, which is sampled periodically. 
The output of the current compensator is compared with 
triangular waveforms to generate the gating signals in the 
PWM process (Fig. 5).

(2)iin_avg(t) =
D2Vovin(t)

2LB[Vo − vin(t)]fs(t)

(3)iL_ref =
Gv|vin(t)|

V2

in

Fig. 2   Spread spectrum modulation (SSM): a periodic; b random 
(pseudo-random modulation)

Fig. 3   EM noise mitigation performance versus modulation index
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However, when employing random SSM, the sensed 
current no longer represents the average current, because 
the sampled point in the inductor current changes over 
time. As noted in [19], attaining the average current when 
the switching frequency dithers requires the variable sam-
pling to be synchronized with the PWM carrier.

Although variable sampling helps align the sampling 
period under the fluctuating operation induced by random 
SSM, current errors exist between the sampled current 
and the actual average current. This is because the vari-
able sampled current only represents the average current 
limited to the negative slope of the instantaneous current 
waveforms. However, the errors are small enough to obtain 

low THD and high PF compared with the fixed sampling 
technique.

3.2 � Proposed random SSM algorithm

In pseudo-random modulation, random numbers are com-
monly generated using the rand() function defined in the 
standard library header < stdlib.h > . It can generate random 
numbers between 0 to RAND_MAX (32,767). However, 
additional processes are required to employ random SSM in 
boost PFC. Since excessively large frequency steps can yield 
instability, the maximum value of the step frequency should 
be limited to guarantee the stable operation of boost PFC.

Figure 6 illustrates the flowchart of the proposed random 
SSM algorithm. The maximum magnitude of the step fre-
quency and the range of the available switching frequency 
are initially selected. In this case, ∆f is selected as the max-
imum step frequency magnitude based on experimental 
results, where the typical step frequency in pseudo-random 
modulation is approximately 3–6% of the center frequency 
[20, 21]. The algorithm determines whether the permissi-
ble range for the subsequent switching frequency is higher 
than the maximum step frequency by comparing the cur-
rent switching frequency with the predefined minimum and 
maximum frequency. A normalized random value α is sub-
sequently generated using the following equation:

After generating α, the step frequency fvar is calculated 
using the following equation, yielding the next randomized 
switching frequency when it is added to the current fre-
quency, as follows:

where xl and xh are the lower and upper boundary of fvar.

3.3 � Parameter selections of random SSM

In the discussions in Sect. 2.1, increasing the modulation 
index can achieve high EM noise mitigation performance. 
However, there are limitations to increasing ∆f. CCM opera-
tion under the minimum frequency should be guaranteed. 
In addition, when the harmonic component increases, the 
bandwidth of adjacent harmonics can be overlapped. The 
harmonic bandwidth employing SSM, which shows the sum 
of right and left bandwidths of the nth and (n + 1)th harmon-
ics, can be analyzed as follows:

(4)� = rand()∕RANDMAX

(5)fvar = xl + � × (xh − xl)

(6)Bsum =
1

2
(Bn + Bn+1) = (2n + 1)Δfs + 2fm

Fig. 4   Functional diagram of average current mode control with ran-
dom SSM in the boost PFC circuit

Fig. 5   Theoretical operating waveforms of random SSM with the var-
iable sampling technique
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where Bn is the bandwidth of the nth harmonic, Bn+1 is the 
(n + 1)th harmonic and Bsum is the sum of the right and left 
bandwidths of the nth and (n + 1)th harmonics, respectively. 
When Bsum is higher than fs, overlap occurs, and the miti-
gation performance decreases significantly. Therefore, an 
adequate ∆f should be selected based on high mitigation 
performance and to prevent the overlap bandwidth in the 
targeted frequency band.

The choice of fm is constrained by the resolution band-
width (RBW) of the EMI analyzer. When the RBW exceeds 
fm, frequency dithering cannot be fully captured in the EMI 

analyzer, degrading EM noise mitigation performance. How-
ever, selecting a high value of fm results in low mf, leading to 
poor mitigation performance. Optimal EM noise mitigation 
performance is achieved when fm is equal to the RBW under 
periodic SSM. However, for random SSM, the frequency is 
constant for each captured window under the above condi-
tion. To accommodate these constraints, fm should exceed 
the RBW, but remain sufficiently low to sustain a high value 
of mf [17].

To target the band A region, where the frequency band 
is 9 kHz to 150 kHz and the RBW of the EMI receiver is 
200 Hz, fm has been set as 1 kHz. To prevent overlap of the 
sidebands of the harmonic components in the region of the 
targeted EMI band, ∆f has been set to 3 kHz. From (6), the 
sideband overlap occurs at the 6th harmonic, which is higher 
than the targeted frequency band. The selected SSM param-
eters yield a modulation index of 3, resulting in approxi-
mately 9.5 to 12 dB of EM noise mitigation. The inductor 
ripple ratio over the peak current is 26.33% at the minimum 
operating frequency, ensuring CCM operation.

4 � Simulation and experimental results

Simulations and experiments have been conducted to verify 
the effectiveness of random SSM with a 1.4 kW CCM boost 
PFC prototype employing the variable-sampling technique. 
Table 1 shows the design spec of the boost PFC and SSM 
parameters used in the simulations and experiments.

4.1 � Simulation results

Figure 7 shows comparisons of the fixed and variable sam-
pling techniques using PSIM simulation software. In Fig. 7a, 
the conventional fixed sampling technique does not produce 
current distortion without SSM. However, in Fig. 7b, severe 
distortions are produced in the input current when random 
SSM is employed. When the variable sampling technique 
is applied to PFC employing SSM, the input current distor-
tions no longer occur. In Fig. 7a, the THD is measured as 

Fig. 6   Flowchart of the proposed random SSM algorithm

Table 1   Design specifications of the prototype circuit

Parameters Components

Vin 220 Vac/60 Hz DB RFUH20TF6S

Vo 380 V S1 C3M0015065K
LB 700 uH LB WE-TORPFC 760801321
Cx 100 nF Cx B32922C3104K289
Co 660 uF (330uF × 2) Co B43644A5337M000
fcenter 37 kHz
Δf 3 kHz
fm 1 kHz
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10.34% with a voltage ripple of 16.15 V, whereas Fig. 7b 
shows a measured THD of 20.09% with an 18.46 V voltage 
ripple. In Fig. 7c, the THD is measured as 12.81% with an 
output voltage ripple of 16.18 V. These results demonstrate 
that the variable sampling technique effectively mitigates 
the current distortions induced by random SSM, achieving 
a notable reduction in the THD while maintaining voltage 
ripple performance close to that of the conventional fixed 
sampling method.

4.2 � Experimental results

Figure 8 shows the experimental setup of a 1.4 kW boost 
PFC circuit prototype, including a Texas Instruments 
TMS320F28379D digital controller, an EMCIS FFT-3010 
EMI analyzer, an EMCIS EA-2100 common mode/differ-
ential mode noise separator, and an EMCIS LN2-16N line 
impedance stabilization network. The line impedance sta-
bilization network (LISN) is connected to the ground plane 

and provides measurements of the conducted noise with the 
ground plane as a reference. In addition, a YOKOGAWA 
WT5000 power analyzer measures the efficiency and current 
harmonic components of the prototype circuit.

Figure 9 shows experimental waveforms of the boost PFC 
prototype circuit operating at the rated power of 1.4 kW. 
When operating at a fixed frequency of 37 kHz, the output 
voltage ripple is 22.5 V, and the current THD is 5.78%. In 
contrast, when random SSM is applied to the boost PFC cir-
cuit with the variable sampling technique, the output voltage 
ripple is 21.52 V, and the current THD is 5.962%.

Due to severe input current distortions, the conventional 
fixed sampling method cannot be experimentally verified.

Figure 10 shows the experimentally measured THD, 
power factor, and efficiency under different loads. Conven-
tional fixed-frequency operation shows 5.787% THD at the 
full load and 11.48% THD at the light load, whereas the 
proposed method shows 5.962% THD at the full load and 
13.2% THD at the light load.

The difference in THD is only 0.175% at the full load. 
At the light-load, the THD increases 1.72%. This is mainly 

Fig. 7   Simulation waveforms under steady-state operation: a without 
SSM; b random SSM with fixed sampling; c random SSM with vari-
able sampling

Fig. 8   Experimental setup of the 1400-W boost PFC converter

Fig. 9   Experimental waveforms under steady-state operation: a with-
out SSM; b random SSM with variable sampling
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due to the expansion of the DCM region in the line cycle, 
which leads to a heightened dependency on the switch-
ing frequency. The measured THD values are summarized 
in Table 2. In terms of efficiency, the difference between 
no SSM and random SSM is mostly around 0.2%, indicat-
ing a slight reduction in efficiency under random SSM 
operation (Table 3).

Figure 11 shows the measured total EM noise in the 
band A region (9 kHz ~ 150 kHz). The highest EM noise 

peak occurs at the switching frequency and its high-order 
harmonics when the converter operates at a fixed fre-
quency. However, when random SSM is applied to the 
PFC circuit, EM noise mitigation performance of 9.73 dB 
at 37 kHz, 10.67 dB at 97 kHz, and 11.02 dB at 111 kHz 
are obtained. Employing SSM with the proposed method 
can reduce EM noise at the switching frequency and its 
harmonics with high cost-effectiveness while minimizing 
the impact on power quality and efficiency.

5 � Conclusion

This article proposes a random SSM method using a vari-
able sampling technique for a boost PFC circuit operating 
in the CCM. The proposed approach achieves significant 
EM noise reduction with minimal side effects. The vari-
able sampling technique, synchronized with dynamically 
changing switching frequencies in random SSM, mini-
mizes the measurement error between the sampled cur-
rent and the actual average current. Compared with con-
ventional fixed-frequency operation, the proposed random 
SSM with the variable sampling technique results in only a 
marginal increment in THD, 0.175% at full load and 1.72% 
at light load conditions while achieving an EM noise 
reduction of 9.73 dB at the center switching frequency.

Acknowledgements  This work was supported by the National 
Research Foundation of Korea (NRF) grant funded by the Korea gov-
ernment (MIST) (No. RS-2024-00337108).

Funding  Open Access funding enabled and organized by Ulsan 
National Institute of Science and Technology (UNIST). National 
Research Foundation of Korea, RS-2024-00337108, Jeehoon Jung

Data availability  The datasets generated and analyzed during the cur-
rent study are available from the corresponding author on reasonable 
request.

Declarations 

Conflict of interest  On behalf of all authors, the corresponding author 
states that there are no competing interests.

Fig. 10   Experimental results according to load conditions: a input 
current THD; b power factor; c efficiency

Table 2   Measured THD as a function of output load

w/o SSM w/random SSM

1400 W 5.787% 5.962%
1200 W 6.677% 7.012%
1000 W 7.641% 8.123%
800 W 8.533% 8.791%
600 W 9.488% 10.361%
400 W 11.48% 13.2%

Table 3   Experimental results of measured EM noise (dBµV)

37 kHz 74 kHz 111 kHz

w/o SSM 128.71 121.4 121.39
w/random SSM 118.98 110.73 110.17

Fig. 11   Measurement data of conducted emission EM noise in the 
band A region
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