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Abstract: Active power filters (APF) aim at solving the harmonic problem originated by the nonlinear
load in power systems. However, the high dv/dt and di/dt outputs from power electronic devices in a
voltage source converter on APF introduced unwanted conducted electromagnetic interference (EMI)
when compensating for the low-frequency harmonic components. Hence, this paper develops a
spectrum analysis approach to investigate and quantify the source differential-mode (DM) voltage of
a single-phase shunt APF to suppress the DM EMI via periodic carrier frequency modulation (PCFM).
In this scheme, the analytical expressions of source DM voltage in the APF using the PCFM scheme
are obtained with a double Fourier series. In addition, the influence of PCFM parameters on the
source DM voltage spectrum is predicted based on the analytical expression. As a result, the PCFM
parameters, which have the best suppression effect on the DM EMI are obtained. The experiment
results proved the validity of the sawtooth PCFM APF with the maximum frequency deviation equal
to 800 Hz in alleviating the APF DM EMI.

Keywords: active power filter (APF); differential-mode (DM) voltage; electromagnetic interference
(EMI); periodic carrier frequency modulation (PCFM); pulse width modulation (PWM)

1. Introduction

Due to the harmonic pollution and the power quality issues of the power system caused by
nonlinear electrical equipment, passive filters (PF) [1] and active power filters (APF) [2] continue to
attract substantial attention. Compared with PF, APF is considered to be the best solution to solve the
harmonic disturbances because of its good dynamic performance, which has been employed in many
areas such as residential, commercial, and industrial [3,4]. However, as a switching mode converter,
APF generates considerable conducted differential-mode (DM) electromagnetic interference (EMI) [5,6].
The conducted DM EMI pollutes the power grid, and likely causes a large number of electronic device
failures when APF and noise-sensitive analog circuits are connected to the same power line. Therefore,
it is imperative to suppress the conducted DM EMI generated by the converter in the APF.

The traditional methods to solve this kind of problem is adding EMI filters [7,8] or using EMI
shielding, which increases the extra weight and cost. Unlike traditional methods, the modulation
approach is to suppress the conducted EMI by using carrier frequency modulation (CFM) schemes
instead of the pulse width modulation (PWM). The CFM schemes spread the power of the switching
frequency harmonics to a certain frequency band to reduce the peak spectral power of the harmonics
generated by the PWM and eventually, decrease the conducted EMI. CFM schemes include random
modulation [9,10], chaotic modulation [11–14], and periodic modulation [15–18]. The modulated
spectrum distributions between the random system and the chaotic system are similar because of
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the intrinsic randomness. Based on this, the modulation bandwidth needs to be set widely to realize
the purpose of suppressing the conducted EMI. However, these two technologies cause an adverse
impact on the suppression of low-frequency interference [19]. By contrast, periodic carrier frequency
modulation (PCFM) can achieve a narrower modulation bandwidth under the premise of ensuring the
suppression effect of the conducted EMI. Therefore, this paper presents a reliable idea to apply the
PCFM technology to an APF, which can suppress the conducted DM EMI.

PCFM has been extensively used in power converters to spread harmonic spectra and reduce
EMI [20,21]. However, little attention has been paid to PCFM in reducing APF-conducted EMI. In [22],
Gong and Ferreira have presented an APF based on random CFM and achieved the suppression of
EMI. Like most of the PCFM approaches in the literature [15–18,20,21], study [22] only focuses on the
effectiveness of the EMI suppression through numerical simulations and experimental observations;
however, the quantitative analysis of the conducted EMI suppression effect by using CFM is scanty.
Thus, this paper proposes a new spectrum calculation method of source DM voltage in a PCFM APF to
suppress the conducted DM EMI produced by the switching operation. This approach first proposes
the analytical expressions of the source DM voltage of the PCFM APF based on the spectral analysis
method. Then, combining the source DM voltage suppression effect and the grid current low-frequency
characterizations, the optimal parameters of the PCFM are selected. Finally, the EMI experimental
platform of an APF is built to verify that the PCFM can effectively suppress the conducted DM EMI of
the APF.

2. Spectral Analysis of the Source DM Voltage of APF

To illustrate the conducted DM EMI emission of a single-phase shunt APF, the topology and
control diagram of the APF and its position in the standard conducted EMI test is shown in Figure 1.
A pair of line impedance stabilization networks (LISN) in Figure 1 connected between the power source
and the APF is served to isolate the interference of the power source and provide stable measured
impedance. Based on Figure 1, the DM equivalent circuit model of the APF is shown in Figure 2.
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Figure 1. Topology and control diagram of the single-phase shunt APF.
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From Figure 2, the voltage vDMEMI across the impedance ZLISN is generally considered as the
conducted DM EMI from the APF when vDMS is coupled to the LISN pair [23]. vDMEMI can be gotten by:

vDMEMI =
vDMS

Z1 + ZLISN
ZLISN (1)

where vDMS is the source DM voltage, which is the high-frequency content of the converter’s AC
voltage vab; ZLISN is the equivalent impedance of LISN pair; Z1 is the equivalent impedance of the AC
bus and line inductance L.

According to Figure 2 and Equation (1), the impedance Z1, Z2 (the equivalent impedance of the
DC link capacitance C), and ZLISN in the APF system based on different PWM modulation strategies
are constant, the conducted DM EMI mainly depends on the source DM voltage vDMS. Therefore,
the next section is to focus on quantifying the effect of different modulation strategies on the source
DM voltage vDMS spectrum.

2.1. Spectrum Calculation of the Source DM Voltage of the PWM APF

The traditional third-order PWM control scheme of the APF converter is shown in Figure 3.
The modulated wave ur is a non-sinusoidal periodic signal whose fundamental frequency is fr.
The carrier uc is a fixed frequency triangular wave signal whose frequency is fc. According to the
literature [24], the PWM pulse is periodic in both the two axes (x = 2πfct, y = 2πfrt), and the output
pulse voltage vab(t) of the APF converter can be expressed as a double Fourier series vab(x, y):

vab(x, y) = A00
2 +

+∞∑
n=1

[A0n cos(n2π frt) + B0n sin(n2π frt)]

+
+∞∑
m=1

[Am0 cos(m2π fct) + Bm0 sin(m2π fct)]

+
+∞∑
m=1

+∞∑
n = −∞

n , 0

{
Amn cos[(m2π fc + n2π fr)t] + Bmn sin[(m2π fc + n2π fr)t]

} (2)

where A00/2 is the DC component; A0n and B0n are the Fourier coefficients of the fundamental and
baseband harmonic components; Am0 and Bm0 are the Fourier coefficients of the carrier harmonic
components; Amn and Bmn are the Fourier coefficients of the sideband harmonic components; n is
the number of fundamental and baseband harmonic components; and m is the number of carrier
harmonic components.
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Fourier coefficients of Equation (2) can be expressed as:

Cmn = Amn + jBmn =
1

2π2

∫ 2π

0

∫ 2π

0
vab(x, y)e j(mx+ny)dxdy (3)

The AC voltage of the converter of the single-phase shunt PWM APF can be expressed as:

vab(x, y) =


+Ed ur > 0, ur > uc

0 ur ≤ uc

−Ed ur < 0, |ur| > |uc|

(4)

Substituting Equation (4) into Equation (3), while using the Jacobi-Anger expansion:

e± jλ cosϕ =
+∞∑
α=−∞

j±α Jα(λ)e jαϕ

e jλ sinϕ =
+∞∑
β=−∞

Jβ(λ)e jβϕ

e− jλ sinϕ =
+∞∑
β=−∞

(−1)β Jβ(λ)e jβϕ

(5)

Fourier coefficients of Equation (4) can be achieved by:

Cmn =



umax∑
u=1

MuEd(sinϕu + j cosϕu) m = 0, n = 1

umax∏
u=1

+∞∑
κ=−∞

2Ed
mπ e jmπ Jκ(mMuπ)( j cosκϕu + sinκϕu) m , 0,κ = ±1,±3, · · ·

0 others

(6)

where Mu = Uu/Uc is the modulation index; Uu is the amplitude of the harmonics modulated wave;
Uc is the amplitude of the carrier; umax is the maximum order of the harmonics of the modulated wave;
φu is the phase of the harmonics modulated wave; κ = 2n/[umax(1 + umax)].

By substituting Equation (6) into Equation (2), the AC voltage vab of the converter of the single-phase
shunt PWM APF can be expressed as:

vab(t) =
umax∑
u=1

MuEd[sinϕu cos(u2π frt) + cosϕu sin(u2π frt)]

+
+∞∑
m=1

+∞∑
n=+∞

umax∏
u=1

±∞∑
κ=±1,±3,···

2Ed
mπ e jmπ Jκ(mMuπ) sin[(m2π fc + n2π fr)t + κϕu]

(7)

From the analytical Equation (7), the vab spectra can be dissected into five regions shown in
Figure 4. When m = 0 and n = 0, the analytical Equation (7) represents a DC component of vab with
a frequency of 0 Hz and an amplitude of 0 V. When m = 0 and n = u = 1, the analytical Equation (7)
represents a fundamental component of vab with a frequency of fr and an amplitude of M1Ed. When
m = 0 and n = u , 1, the analytical Equation (7) represents the baseband harmonic components of vab
with a frequency of ufr and an amplitude of MuEd. When m , 0 and n = 0, the analytical Equation (7)
represents the carrier harmonic components of vab with a frequency of mfc and an amplitude of 0 V.
When m , 0 and n , 0, the analytical Equation (7) represents the sideband harmonic components of

vab with a frequency of mfc+nfr and an amplitude of
umax∏
u=1

±∞∑
κ=±1,±3,···

2Ed
mπ e jmπ Jκ(mMuπ). The source DM

voltage vDMS of the PWM APF caused by the third-order PWM belongs to part 5 in Figure 4:

vDMS(t) =
+∞∑
m=1

+∞∑
n=+∞

umax∏
u=1

±∞∑
κ=±1,±3,···

2Ed
mπ

e jmπ Jκ(mMuπ) sin[(m2π fc + n2π fr)t + κϕu] (8)
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Figure 4. Analytical expressions of the vab spectra.

For a given PWM APF, its parameters are given in Table 1, the nonlinear load is a third harmonic
source (M1 = 0.679, ϕ1 = 0◦; M3 = 0.085, ϕ3 = 258◦). The vDMS spectrum of the PWM APF obtained
from numerical simulations and calculated with the analytical Equation (8) are compared in Figure 5.
As shown in Figure 5, the calculated results match very well with the numerical results, and the
analytical Equation (8) is very accurate. In particular, Figure 5 shows that the spectrum distribution of
vDMS is related to the carrier frequency. In the next section, the vDMS of the PCFM APF will be further
analyzed by using the spectrum analysis approach.
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the PWM APF.

Table 1. Parameters of APF.

Symbol Value Commentary

Us 220 V/50 Hz AC input voltage
Tra 220:48 Transformer
fc 10 kHz Fixed carrier frequency
fr 50 Hz Fundamental frequency
R 0.1 Ω Line resistance
L 1.8 mH Line inductance
C 470 µF DC link capacitance

Vdc 100 V DC link voltage

2.2. Spectrum Calculation of the Source DM Voltage of the PCFM APF

In fact, while using the PCFM PWM, the vDMS of the PCFM APF can be obtained by replacing fc
in Equation (8) into fc(t):

fc(t) = fc0 + ∆ fcvm(t) (9)

where fc0 is the center frequency in the time-varying carrier frequencies; ∆fc is the maximum frequency
deviation from the time-varying carrier frequencies to the center frequency; and vm(t) is a deterministic
period signal between [−1, 1].
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The periodic signal vm(t) can be expanded by the Fourier series:

vm(t) =
av0

2
+

+∞∑
q=1

[
aq cos(2πq fvt) + bq sin(2πq fvt)

]
(10)

where av0/2 is the DC component; fv is the fundamental frequency; and aq and bq are the qfv frequency
harmonic coefficients.

By substituting Equations (9) and (10) into Equation (8), the vDMS of the PCFM APF can be
achieved after extensive calculation:

vDMS =
+∞∑
m=1

+∞∑
n=−∞

umax∏
u=1

±∞∑
κ=±1,±3,···

+∞∑
k=−∞

+∞∑
l=−∞

2Ed
mπ

e jmπ Jκ(mMuπ)CkCle

+∞∑
q=1

j
m∆ fcbq

q fv
(•)

 (11)

where
(•) = sin

{
2π

[
m fc0 + m∆ fc

av0

2
+ n fr + (k + l) fv

]
t + κϕu

}
(12)

Ck = Jα
(

m∆ fcaq
q fv

)
k = qα (13)

Cl = j−β Jβ
(

m∆ fcbq
q fv

)
l = qβ (14)

Based on Table 1 and the nonlinear load in Section 2.1, when the modulation signal for the PCFM
is a sinusoid, fv = 100 Hz, fc0 = 10 kHz, and ∆fc = 500 Hz, the vDMS spectrum of the PCFM APF
obtained from numerical simulations and calculated from the analytical Equation (11) are compared
in Figure 6. As shown in Figure 6, the calculated results match very well with the numerical results,
and the analytical Equation (11) is very accurate. Through the comparative analysis of Figures 5 and 6,
it can be concluded that the vDMS peak of the PCFM APF has dropped about 50 percent than that of the
PWM APF.
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the sinusoid PCFM APF with ∆fc = 500 Hz.

2.3. The PCFM Parameters Impact on the Spectrum of vDMS

The analytical Equation (11) can be used for quantificationally analyzing the effect of the PCFM
parameters (vm(t) and ∆fc) on the vDMS spectrum of the PCFM APF. In the frequency range between
9 kHz and 11 kHz, the waveforms of vm(t) are shown in Figure 7, and the calculated spectra of vDMS
with the varying vm(t) are shown in Figure 8. The vDMS spectrum of the sinusoid PCFM APF and that of
the triangular wave PCFM APF is analogous, the distribution of the harmonic is more concentrated on
both sides of the extended frequency bandwidth, and sparser in the middle of the extended frequency
bandwidth, but the vDMS peak amplitude of the sinusoid PCFM APF is 0.03 V larger than that of
the triangular wave PCFM APF. Compared to the vDMS spectrum of the sinusoid PCFM APF and
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the triangular wave PCFM APF, the vDMS spectrum of the sawtooth PCFM APF is basically evenly
distributed over the extended frequency bandwidth with minimal peaks. Therefore, the optimal
modulating signals of PCFM APF are successively sawtooth, triangular wave, and sinusoid.
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The vDMS spectrum distribution characteristics of the PCFM APF under three modulation signals
in Figure 8 can be explained by the power spectral density (PSD), which is understood as the energy of
a harmonic at a certain frequency, and the energy of a harmonic at a certain frequency is positively
proportional to the acting time of the harmonic at that frequency. Analysis of the vDMS spectrum
of the PCFM APF, the acting time of a harmonic at a certain frequency depends on the frequency
distribution of the triangular carrier for the PCFM PWM; moreover, the frequency distribution of the
triangular carrier relies on the slope of the modulation signals for the PCFM PWM. Specifically, when
the slope dvm(t1)/dt of the modulation signal corresponding to a certain frequency fc(t1) in the harmonic
spectrum is larger (smaller), the less (more) the triangular waves with the frequency of fc(t1) in the
carrier, the shorter (longer) the acting time of the harmonic at the frequency of fc(t1), and the lower
(higher) the amplitude of the harmonic at the frequency of fc(t1).

Figure 9 shows the slope of the three modulation signals in Figure 7. As shown in Figure 9,
the absolute value of the slope of the sinusoid is the maximum (minimum) when at its zero-crossing
instance (peak value). By using a periodic sinusoid modulation technique, the number of triangular
carriers with a frequency of 10 kHz (9.5 kHz and 10.5 kHz) is the least (most). The acting time of the
harmonics around the frequency of 10 kHz (9.5 kHz and 10.5 kHz) is the shortest (longest), and the
amplitude of the harmonics around the frequency of 10 kHz (9.5 kHz and 10.5 kHz) is the minimum
(maximum). Therefore, the vDMS spectrum of the sinusoid PCFM APF has a larger amplitude on both
sides of the extended frequency bandwidth and a smaller amplitude in the middle of the extended
frequency bandwidth.



Energies 2019, 12, 1903 8 of 14Energies 2019, 12, x FOR PEER REVIEW 8 of 14 

 

 

Figure 9. The slope of the three modulation signals in Figure 7. 

The absolute value of the slope of the triangular wave is the minimum when at its peak value, 
the number of triangular carrier with a frequency of 9.5 kHz and 10.5 kHz is the most, the acting time 
of the harmonics around the frequency of 9.5 kHz and 10.5 kHz is the longest, and the amplitude of 
the harmonics around the frequency of 9.5 kHz and 10.5 kHz is the maximum. Compared to periodic 
sinusoid modulation signals, the absolute value of the slope of the triangular wave is a constant 
number when in its trailing and rising edge, the acting time of the harmonics within the bandwidth 
of 9.5–10.5 kHz is the same, so the harmonic amplitudes within the bandwidth of 9.5–10.5 kHz are 
comparable. According to the law of conservation of energy, the harmonic amplitude is the minimum 
when the harmonic energy is basically evenly distributed over the extended frequency bandwidth. 
Therefore, the vDMS spectrum of the triangular wave PCFM APF has a larger amplitude on both sides 
of the extended frequency bandwidth and a smaller amplitude in the middle of the extended 
frequency bandwidth. Moreover, the vDMS peak amplitude of the triangular wave PCFM APF is 
slightly smaller than that of the sinusoid PCFM APF. 

The slope of the sawtooth is a constant number, the frequencies of the triangular carrier, by using 
periodic sawtooth modulation, are uniformly distributed within the bandwidth of 9.5–10.5 kHz, and 
the acting time of the harmonics within the bandwidth of 9.5–10.5 kHz is the same. Therefore, the 
harmonic amplitudes within the bandwidth of 9.5–10.5 kHz are comparable. According to the law of 
conservation of energy, the vDMS amplitude of the sawtooth PCFM APF is the minimum over the 
extended frequency bandwidth. The above analysis results are consistent with the vDMS spectrum 
distribution characteristics of the PCFM APF under three modulation signals, which verify that the 
optimal modulation signals of the PCFM APF are successively sawtooth, triangular wave, and 
sinusoid. 

In the frequency range between 9 kHz and 11 kHz, the vDMS calculated spectra of sawtooth PCFM 
APF with varying fc are shown in Figure 10. As fc increases, the spectra of vDMS spread out from 10 
kHz, the peak amplitude of the vDMS spectrum reduces, and the decrement of the peak amplitude is 
gradually reduced. At the same time, the bandwidth of the peak-to-peak increases, and the increment 
of the bandwidth is unchanged. For the APF system, excessive bandwidth of peak-to-peak could 
result in performance degradations caused by the low-frequency harmonic components increase. The 
low-frequency characterizations calculated with vDMS/(jωL + R) of the grid current compensated by 
sawtooth PCFM APF with varying fc are illustrated in Figure 11. The decrement of the peak 
amplitude of the grid current is gradually reduced when fc increases gradually from 500 Hz to 1000 
Hz, and the advantage of reducing the peak amplitude is offset by the increase in the low-frequency 
output ripple when fc > 800 Hz. Therefore combining the source DM voltage suppression effect and 
the grid current low-frequency characterizations, fc = 800 Hz is selected as the optimal frequency 
deviation of the sawtooth PCFM APF. 

Figure 9. The slope of the three modulation signals in Figure 7.

The absolute value of the slope of the triangular wave is the minimum when at its peak value,
the number of triangular carrier with a frequency of 9.5 kHz and 10.5 kHz is the most, the acting time
of the harmonics around the frequency of 9.5 kHz and 10.5 kHz is the longest, and the amplitude of
the harmonics around the frequency of 9.5 kHz and 10.5 kHz is the maximum. Compared to periodic
sinusoid modulation signals, the absolute value of the slope of the triangular wave is a constant
number when in its trailing and rising edge, the acting time of the harmonics within the bandwidth
of 9.5–10.5 kHz is the same, so the harmonic amplitudes within the bandwidth of 9.5–10.5 kHz are
comparable. According to the law of conservation of energy, the harmonic amplitude is the minimum
when the harmonic energy is basically evenly distributed over the extended frequency bandwidth.
Therefore, the vDMS spectrum of the triangular wave PCFM APF has a larger amplitude on both sides
of the extended frequency bandwidth and a smaller amplitude in the middle of the extended frequency
bandwidth. Moreover, the vDMS peak amplitude of the triangular wave PCFM APF is slightly smaller
than that of the sinusoid PCFM APF.

The slope of the sawtooth is a constant number, the frequencies of the triangular carrier, by using
periodic sawtooth modulation, are uniformly distributed within the bandwidth of 9.5–10.5 kHz,
and the acting time of the harmonics within the bandwidth of 9.5–10.5 kHz is the same. Therefore,
the harmonic amplitudes within the bandwidth of 9.5–10.5 kHz are comparable. According to the law
of conservation of energy, the vDMS amplitude of the sawtooth PCFM APF is the minimum over the
extended frequency bandwidth. The above analysis results are consistent with the vDMS spectrum
distribution characteristics of the PCFM APF under three modulation signals, which verify that the
optimal modulation signals of the PCFM APF are successively sawtooth, triangular wave, and sinusoid.

In the frequency range between 9 kHz and 11 kHz, the vDMS calculated spectra of sawtooth PCFM
APF with varying ∆fc are shown in Figure 10. As ∆fc increases, the spectra of vDMS spread out from
10 kHz, the peak amplitude of the vDMS spectrum reduces, and the decrement of the peak amplitude is
gradually reduced. At the same time, the bandwidth of the peak-to-peak increases, and the increment
of the bandwidth is unchanged. For the APF system, excessive bandwidth of peak-to-peak could
result in performance degradations caused by the low-frequency harmonic components increase.
The low-frequency characterizations calculated with vDMS/(jωL + R) of the grid current compensated by
sawtooth PCFM APF with varying ∆fc are illustrated in Figure 11. The decrement of the peak amplitude
of the grid current is gradually reduced when ∆fc increases gradually from 500 Hz to 1000 Hz, and the
advantage of reducing the peak amplitude is offset by the increase in the low-frequency output ripple
when ∆fc > 800 Hz. Therefore combining the source DM voltage suppression effect and the grid current
low-frequency characterizations, ∆fc = 800 Hz is selected as the optimal frequency deviation of the
sawtooth PCFM APF.
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Figure 11. The low-frequency characterizations of the sawtooth PCFM APF with different
frequency deviations.

3. Experimental Comparison of the Conducted DM EMI of the PWM APF and PCFM APF

In the experiments, the experimental platform of a single-phase full-bridge APF and the nonlinear
loads are shown in Figure 12. The main parameters of the APF are shown in Table 1, and the types of
the main experimental devices are given in Table 2. The nonlinear load consists of an uncontrollable
rectifier with resistance, inductance, and capacitance load, which is employed as a harmonic source.
Both the spectra of the source DM voltage vDMS and the DM EMI vDMEMI ranged from 6 kHz to
100 kHz.
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Figure 12. Experimental platform of a single-phase full-bridge APF: (a) Nonlinear loads; (b) Experimental
platform.

Table 2. Main Experimental Devices.

Component Types

Field Programmable Gate Array (FPGA) EP3C25E144C8
Insulated Gate Bipolar Transistor (IGBT) HGTG-30N60A4D

LISN EM5040B
EMI Test Receiver Rohde&Schwarz ESL

Spectrum Analyzer JHDZ-6
Oscilloscope Tektronix DPO3052

The experimental results of the current waveforms for PWM APF and sawtooth PCFM APF with
∆fc = 800 Hz are presented in Figures 13 and 14, respectively. As can be seen from Figure 13, the load I
current is distorted with the total harmonic distortion (THD) level of 21.11%. The grid current becomes
more close to ideal sinusoidal through APF compensation, and the THD of the grid current is reduced
to 3.99%. At about 0.06 s, the load on the system is changed from the nonlinear load I to nonlinear load
II, by observing the dynamic response of three current waveforms, it can be seen that the APF system
achieves new steady states after 20 ms. Under the nonlinear load II, the THD of the compensated grid
current is reduced from 30.93% to 5.34%.

From Figure 14, it can be seen that the THD of the compensated grid current under the nonlinear
load I is reduced from 21.11% to 3.33%. When the nonlinear load changes, the shunt APF system
achieves new steady states within one cycle. Under the nonlinear load II, the THD of the compensated
grid current is reduced from 30.93% to 4.66%. The results of the experiment show that the APF system
designed in the paper achieves the expected compensation effect.

Energies 2019, 12, x FOR PEER REVIEW 10 of 14 

 

 
(b) 

Figure 12. Experimental platform of a single-phase full-bridge APF: (a) Nonlinear loads; (b) 
Experimental platform. 

Table 2. Main Experimental Devices. 

Component Types 
Field Programmable Gate Array (FPGA) EP3C25E144C8 
Insulated Gate Bipolar Transistor (IGBT) HGTG-30N60A4D 

LISN EM5040B 
EMI Test Receiver Rohde&Schwarz ESL 

Spectrum Analyzer JHDZ-6  
Oscilloscope Tektronix DPO3052 

The experimental results of the current waveforms for PWM APF and sawtooth PCFM APF with 
fc = 800 Hz are presented in Figures 13 and 14, respectively. As can be seen from Figure 13, the load 
I current is distorted with the total harmonic distortion (THD) level of 21.11%. The grid current 
becomes more close to ideal sinusoidal through APF compensation, and the THD of the grid current 
is reduced to 3.99%. At about 0.06 s, the load on the system is changed from the nonlinear load I to 
nonlinear load II, by observing the dynamic response of three current waveforms, it can be seen that 
the APF system achieves new steady states after 20 ms. Under the nonlinear load II, the THD of the 
compensated grid current is reduced from 30.93% to 5.34%. 

From Figure 14, it can be seen that the THD of the compensated grid current under the nonlinear 
load I is reduced from 21.11% to 3.33%. When the nonlinear load changes, the shunt APF system 
achieves new steady states within one cycle. Under the nonlinear load II, the THD of the compensated 
grid current is reduced from 30.93% to 4.66%. The results of the experiment show that the APF system 
designed in the paper achieves the expected compensation effect. 

 
Figure 13. Experimental results of the current waveforms for PWM APF under the load change 
conditions. 

Figure 13. Experimental results of the current waveforms for PWM APF under the load change conditions.



Energies 2019, 12, 1903 11 of 14
Energies 2019, 12, x FOR PEER REVIEW 11 of 14 

 

 

Figure 14. Experimental results of the current waveforms for the sawtooth PCFM APF with fc = 800 
Hz under the load change condition. 

The current waveforms shown in Figures 13 and 14 look almost identical because of the high 
switching frequencies. However, the frequency domain information of vDMS and the DM EMI shown 
in Figures 15–18 distinctly differ from each other. 

The time domain data of the source DM voltage are measured using a Tektronix DPO3052, and 
then analyzed based on the fast Fourier transform (FFT) method. Finally, the source DM voltage 
spectra are obtained by calculation. The experimental results under nonlinear load I and nonlinear 
load II are presented in Figures 15 and 16, respectively. As shown in Figure 15, under the nonlinear 
load I, the source DM voltage vDMS spectrum of PWM APF concentrates at multiples of the switching 
frequency. The peak amplitude of the vDMS spectrum of PWM APF, which emerges near 10 kHz, is 
151.7 dBµV. The concentration of the vDMS spectrum is spread to the harmonic sidebands by the PCFM. 
The peak amplitude of the vDMS spectrum of the sawtooth PCFM APF with fc = 800 Hz that emerges 
near 10 kHz is 142.0 dBµV, and 9.7 dBµV lower than the PWM APF. As shown in Figure 16, under 
the nonlinear load II, the peak amplitude of the vDMS spectrum of PWM APF, which emerges near 10 
kHz, is 151.9 dBµV. The peak amplitude of the vDMS spectrum of the sawtooth PCFM APF with fc = 
800 Hz emerges near 10 kHz is 142.4 dBµV, and 9.5 dBµV lower than the PWM APF. Experimental 
results validating that PCFM APF can effectively reduce the peak amplitudes of vDMS. 

 

Figure 15. Experimental results of the source DM voltage vDMS spectra of APF under the nonlinear 
load I (Sawtooth PCFM APF with fc = 800 Hz). 
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The current waveforms shown in Figures 13 and 14 look almost identical because of the high
switching frequencies. However, the frequency domain information of vDMS and the DM EMI shown
in Figures 15–18 distinctly differ from each other.

The time domain data of the source DM voltage are measured using a Tektronix DPO3052,
and then analyzed based on the fast Fourier transform (FFT) method. Finally, the source DM voltage
spectra are obtained by calculation. The experimental results under nonlinear load I and nonlinear
load II are presented in Figures 15 and 16, respectively. As shown in Figure 15, under the nonlinear
load I, the source DM voltage vDMS spectrum of PWM APF concentrates at multiples of the switching
frequency. The peak amplitude of the vDMS spectrum of PWM APF, which emerges near 10 kHz,
is 151.7 dBµV. The concentration of the vDMS spectrum is spread to the harmonic sidebands by the
PCFM. The peak amplitude of the vDMS spectrum of the sawtooth PCFM APF with ∆fc = 800 Hz that
emerges near 10 kHz is 142.0 dBµV, and 9.7 dBµV lower than the PWM APF. As shown in Figure 16,
under the nonlinear load II, the peak amplitude of the vDMS spectrum of PWM APF, which emerges
near 10 kHz, is 151.9 dBµV. The peak amplitude of the vDMS spectrum of the sawtooth PCFM APF with
∆fc = 800 Hz emerges near 10 kHz is 142.4 dBµV, and 9.5 dBµV lower than the PWM APF. Experimental
results validating that PCFM APF can effectively reduce the peak amplitudes of vDMS.
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load II (Sawtooth PCFM APF with ∆fc = 800 Hz).

The conducted DM EMI spectra are measured using a Rohde & Schwarz ESL and quasi-peak
detection mode. The experimental results under the nonlinear load I and nonlinear load II are presented
in Figures 17 and 18, respectively. As shown in Figures 17 and 18, the conducted DM EMI spectra of
PWM APF concentrate at multiples of the switching frequency. The peak amplitudes of the conducted
DM EMI spectra of PWM APF, which emerge near 10 kHz, are 111.4 dBµV (nonlinear load I) and
111.1 dBµV (nonlinear load II). The concentration of the conducted DM EMI spectra is spread to the
harmonic sidebands by the PCFM. The peak amplitudes of the conducted DM EMI spectra of sawtooth
PCFM APF with ∆fc = 800 Hz, which emerge near the 10 kHz, are 104.8 dBµV (nonlinear load I) and
105.0 dBµV (nonlinear load II).

The peak amplitudes of the conducted DM EMI spectra of the PCFM APF are smaller than
that of the PWM APF and reduced by 6.6 dBµV (nonlinear load I) and 6.1 dBµV (nonlinear load II).
Experimental results validate that the PCFM APF can effectively reduce the conducted DM EMI.

The experimental results are in good agreement with the theoretical analysis results. In addition,
experiments indicate that PCFM APF not only suppresses the conducted DM EMI well but also has a
good compensation effect for the distorted current.
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4. Conclusions

This paper investigated and quantified the source DM voltage in a PCFM APF to suppress the
conducted DM EMI produced by the switching operation. It first concluded that the conducted DM EMI
of the APF will be significantly impacted by the source DM voltage. Then, the analytical expressions
for the source DM voltage of the PWM APF and Pthe CFM APF are derived and thoroughly discussed.
The discussions reveal that the conducted DM EMI spreading depends on both the modulation signals
and the frequency deviations of the PCFM. Finally, combining the source DM voltage suppression effect
and the grid current low-frequency characterizations, a sawtooth is selected as the modulation signal
and the frequency deviation is 800 Hz. The experimental results have confirmed that the proposed
PCFM APF can effectively suppress the conducted DM EMI which usually occurs in the PWM APF.
In fact, this developed spectrum analysis approach provides rigorous theoretical foundations for
investigating and quantifying the source DM voltage of a single-phase shunt APF, which can provide
the opportunity to optimize the THD of the compensated grid current and the DM EMI generated by
the APF.
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