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Abstract- Due to the successive switching actions in a power
electronic system, considerable conducted electromagnetic
interference (EMI) is generated. This has been a major concern in
designing power converters, which requires additional EMI
filtering efforts. Passive EMI filters are the most common solutions
to EMI reduction but usually consume a large portion of the
volume as well as weight in power converters. Active EMI filters
(AEFs) or hybrid EMI filters (HEFs) are considered best
candidates over traditional passive EMI filters to achieve higher
power density in power converters. The utilization of current
transformer to sense or to compensate the EMI noise can increase
the volume of an AEF. In this paper, a transformer-less AEF,
sprung from the concept of virtual impedance enhancement, is
proposed. The proposed design features feedforward control with
current-sensing-voltage-compensating. The operation principle of
the proposed AEF is thoroughly introduced, and its performance
is evaluated through simulations and experiments. Experimental
results with an AC-DC power converter and a DC-AC inverter
show that the proposed AEF can be generally applied to reduce
conducted EMI on either AC or DC power lines.

Index Terms- Active filter, electromagnetic interference (EMI),
conducted emissions, virtual impedance enhancement, AC-DC
converter, DC-AC inverter.

I. INTRODUCTION

The past few decades have seen extensive use of power
electronic converters in clean and distributed energy sources, as
well as energy storage systems, transportation systems, and the
power grid. Pulse width modulation (PWM), the most prevalent
technique to operate power converters, has enabled reduced
size, weight, and operational costs of these converters while
increasing the overall energy efficiency [1]. However, due to
the rapid transients associated with the switching process of the
power semiconductors, i.e. high dv/dt and/or di/dt,
electromagnetic interference (EMI) problem will arise. The
generated noise currents propagate along the input and output
power lines via parasitic capacitance and would, in turn, cause
interference with ambient electronic systems [2], [3].

EMI can be in the form of either radiated emission or
conducted emission depending on the frequency of concern [4].
Different EMI regulations were set forth to limit the conducted
EMI from the power electronic circuits [2], [S]. The frequency
range as well as the maximum permissible magnitude of
conducted EMI are defined within these standards. Most
endeavors by researchers have been focused on understanding

and effectively suppressing conduced EMI. Fig. 1 summarizes
all research topics relevant to conducted EMI. The research of
conducted EMI can be categorized into three different aspects:
EMI characterization, EMI modeling, and EMI mitigation [6].

This paper mainly discusses EMI mitigation. To combat the
adverse effect induced by conducted EMI, mitigation
approaches can be taken either at source or along the
propagation path. Effectively managing conducted EMI at the
source, namely the power converter side, reduces filtering
needs to attenuate EMI. Random switching frequency PWM,
deemed as a promising technique to suppress conducted EMI,
is reportedly applied in adjustable speed drives (ASD) [7]-[10].
Balanced or improved inverter topologies have been developed
to achieve better common mode voltage (CMV) performance
for motor drives [11]-[14]. Active gate drive methods are
proposed aiming at limiting dv/dt transient of a power
semiconductor and suppressing the concurrent ringing
associated with the switching action [15], [16]. All these
references show attempts to mitigate conducted EMI at its
source.

The most common and practical solutions to conducted EMI
suppression is installing passive EMI filters since it is
unrealistic to expect a noise-free power converter on its own.
The typical configuration of a passive EMI filter that constitutes
big inductors and capacitors is shown in Fig. 2. Since inductors
must carry the full load current and the capacitors have to
withstand high voltages, passive EMI filters are usually bulky
and heavy. In some applications, the passive EMI filters can
take up more than 30% of the total volume in a power converter
[17]. Various studies are carried out to systematically design
passive EMI filters with optimized volume as well as conducted
emission attenuation for different power converters [18]-[20],
[40]-[46]. Hybrid filters which incorporate active and smaller
passive filters have the potential to reduce the volume of the
filter by up to 58% [21]. The active filter is mainly responsible
for suppressing the EMI in the low-frequency range and,
consequently, the corner frequency of the passive filter can be
increased, which allows for immediate volume reduction of a
passive filter.

The full potential of active EMI filters (AEFs) is receiving
significant research interest. The technique of active filtering
was first introduced in [22], which later gave rise to the
modeling and design of emerging active EMI filters [23]-[31].
In [24], a common-mode (CM) voltage cancellation circuit that
utilizes complementary transistors and CM voltage transformer
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Fig. 1. Research areas in conducted EMI.

Fig. 2. Typical configuration of a passive EMI filter: (a) schematic; (b) prototype.

at the output terminal of an induction motor drive to inject
opposite CM voltage is proposed. The active cancellation
circuit is reportedly able to reduce CM voltage by 250 V in an
inverter-fed induction motor system switching at 5 kHz. A
system model of a differential-mode (DM) AEF for AC/DC
power converters is developed in [25]. The DM AEF relies on
a current transformer for current sensing, and the stability of the
filter as well as its compensation are discussed to guarantee
good EMI reduction. The measured effective insertion gain of
the DM AEF in the frequency range of 100 kHz-10 MHz has
achieved a maximum of -20 dB. A study and practical
implementation of an active filter based on high-frequency
(HF) power amplifier is carried out in [26]. The proposed active
filter along with additional chokes is tested with a three-phase
6.8 kVA power converter and produces effective attenuation up
to 50 kHz with ~10 dBpV reduction at maximum. Chen et al.
propose an active circuit that can boost the impedance of an
inductor to a great extent and apply it in PWM ASD system
[27]. The proposed filter is reported to be able to reduce the
peak-to-peak value of CM voltage by 68%-80% within the
drive’s operation frequency range. These designs, to a great
extent, rely on magnetic components such as transformers or
chokes to achieve better performance. In [28], a transformer-
less AEF is designed to suppress DC-side CM EMI in motor
drive system. The CM impedance of the motor must be
characterized first and artificially synthesized by a scaled
impedance network for the AEF to function properly. However,
it is difficult to achieve perfect scaled synthesis of the motor’s
CM impedance, and the transformer-less AEF in [28] is

reported to achieve conducted EMI attenuation up to 10 MHz
with a maximum reduction of ~15 dBpA.

Apart from those analog solutions mentioned above,
researchers have also explored the possibility of EMI reduction
using digital approach [32]-[34]. An FPGA based digital AEF
is proposed in [32] with the application in photovoltaic
microinverter. With high-speed analog-to-digital converter
(ADC), the conducted noise is digitized and inverted through
the digital controller-FPGA. Then the digitally inverted signal
is reconstructed and injected back electrically with digital-to-
analog converter (DAC). In [33], the delay time of digital
processing for the AEF is considered and compensated to
improve the performance of digital AEF in an arc welding
inverter. Peng et al. further combine the digital AEF with
proportional resonant controller to provide high gain at
frequencies of interest [34]. The combined control scheme for
the AEF is reported to improve the EMI attenuation in a buck
converter by another 20 dB. The digital solutions are quite
computationally intensive and are not cost-effective due to the
use of expensive digital platforms.

However, very few literatures have discussed the viability of
designing a  transformer-less  current-sensing-voltage-
compensating AEF. In this paper, the concept of virtual
impedance enhancement is explored and applied in the context
of designing an AEF. Such concept is extremely helpful in
enabling the design of a transformer-less current-sensing-
voltage-compensating AEF. The paper is organized as follows.
Section II firstly reviews the basics of active EMI filter. Section
IIT then discusses the modeling of conducted EMI in power
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converters. Modeling and design of the proposed AEF based on
the concept of virtual impedance enhancement is presented in
detail in Section IV. Simulation and experimental results are
included in Section V to demonstrate the effectiveness of the
proposed AEF. Section VI concludes the paper.

II. BASICS OF ACTIVE EMI FILTER

Z;
Zload ]C- )Vs
Z;
Zload :%>I/s
Z;
Zload : )V“
Z;
Csen&l_
Zload Ro Vs
Rsense Ci"j T
A4
(d)

Fig. 3. Four types of active filtering circuits: (a) current-sensing-voltage-
compensating (CSVC); (b) current-sensing-current-compensating
(CSCCQ); (c) voltage-sensing-voltage-compensating (VSVC); (d) voltage-
sensing-current-compensating (VSCC).

In general, the operation principles of an AEF are twofold:
the first aspect is sensing the EMI noise present in the system
and the second is compensating for the conducted EMI noise as
much as possible. Four major types of active filtering circuits
are summarized and shown in Fig. 3 based on the type of signals
being sensed and compensated.

According to the literatures, the noise current can be sensed
via current transformer and compensated through capacitor,
while the noise voltage can be sensed via capacitor and
compensated through transformer. The compensation relies on
reverse injection for noise cancellation.

III. CONDUCTED EMI MODELING IN POWER CONVERTERS

In power electronic systems, the semiconductors, either
discrete components or power modules, serve as the
fundamental building blocks. These devices which are
frequently switching in a power converter can be identified as
the culprit of conducted EMI. Drastic fluctuation of voltage
potential, associated with the device’s switching action, results
in significant conducted EMI throughout the system. Fig. 4
shows an example of the conducted EMI measurement for a
commercial 100-240 VAC to 5 VDC power adaptor. The
conducted EMI spectrum of a power converter can be generally
divided into two regions in terms of major contributing factor:
low-frequency (150 kHz to several MHz) and high-frequency
(several MHz to 30 MHz) region. The low-frequency region is
dominated by the pulsed voltage sequence, while the high-
frequency region is predominantly influenced by each pulse’s
rising/falling transients as there are a great number of
superimposed oscillations at higher frequencies.
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Fig. 4. Conducted EMI measurement for a 1.5W AC-DC converter.

To model the effect of conducted EMI, the single device or
bridge module can be considered as a voltage source based on
substitution theorem [35]. Fig. 5 illustrates replacing the single
device/bridge module with voltage source and parasitic
inductance/capacitance to develop an equivalent circuit for
conducted EMI modeling. Following the same approach, one
can easily derive either a Thevenin equivalence or a Norton
equivalence by lumping all substituted voltage source in any
converter topology.
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Fig. 5. Noise source modeling: Thevenin equivalence/Norton equivalence.

Typical measurement of conducted EMI often requires the
separation of the noise source and its victim. A line impedance
stability network (LISN), shown in Fig. 6, would be placed
between the equipment under test (EUT) and power supply. The
reason of using LISN is to achieve reproducible measurements
and to decouple the power source’s impact on EUT [36]. A
general Norton equivalent model for conducted EMI
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measurement in a power converter can be obtained as shown in
Fig. 7. Zy(s), Zine(s) and Zpsn(s) represent the noise source
impedance, line impedance and LISN’s impedance,
respectively. DM and CM noise are not differentiated since they
presume similar characteristics except for their circulation path.
The open-loop gain Go.(s) is defined as:

Zg(s)

o(8) =1/ I Zy($)+ Z () + 2, () ()
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Fig. 6. Schematic of a single-phase line impedance stability network
(LISN).
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Fig. 7. General equivalent model for conducted EMI measurement in a
power converter.

IV. MODELING AND DESIGN OF THE PROPOSED AEF

Instead of adopting the framework of noise cancellation by
reverse injection, the design of an AEF can be envisioned from
a different perspective: that is actively controlling a device to
make it possess the characteristic similar to a passive filtering
component which, in this case, a capacitor. The development of
the proposed AEF based on the concept of virtual impedance
enhancement will be elaborated on afterward.

There is no fundamental difference between CM and DM
AEF in terms of their operation principles. The concept of
virtual impedance enhancement can be generally applied in
designing either DM or CM AEF depending on what type of
noise signal is being sensed and compensated.

A. Virtual Impedance Enhancement (VIE)

It is generally known that a capacitor is a passive device
whose voltage across the two terminals and conducting current
should satisfy equations (2) and (3) where C is the capacitance.
In another sense, a capacitor can be considered as a current
controlled voltage source (CCVS). The controlled voltage
source’s output v, is dependent on the flowing-through current
is. Such relationship can be summarized as equation (4) in time-

domain. The integral gain k& can be analogous to the reciprocal
of the effective capacitance.
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Fig. 8. Illustration of virtual impedance enhancement: a virtual capacitor
realization.

The principle of virtual impedance enhancement (VIE),
inspired by the characteristics of a capacitor mentioned above
[37], is illustrated in Fig. 8. Suppose that an emulated voltage
source is created such that its output voltage is subject to
equation (4). The variable i; now being integrated is the high-
frequency noise current present in the line. Therefore, such
controlled voltage source exactly shows a capacitor’s behavior
so that the high-frequency noise current is steered by the
controlled voltage source due to its capacitive characteristic.
According to equation (4), the effective capacitance C.y by the
emulated voltage source can be actively manipulated by tuning
the integral gain. Such concept of virtual impedance
enhancement leads to a virtual capacitor realization, which is
extremely appealing and will be applied in designing general-
purpose current-sensing-voltage-compensating AEF.

B. System Modeling of The Proposed VIE Based AEF

Current sensing is preferred over voltage sensing because the
emulated voltage source shown in Fig. 8 relies on the noise
current to perform virtual capacitor realization. A high-pass
filter (HPF) would be needed to reject the fundamental or DC
component in the sensed current depending on whether the AEF
is adopted at AC-side or DC-side in the system.

Two possible control schemes: feedback and feedforward
control can be applied in designing an AEF. Fig. 9 (a) shows an
equivalent circuit of the proposed AEF with feedback control
and Fig. 9 (b) shows an equivalent circuit of feedforward-
controlled AEF. Z,(s) is the output impedance of the emulated
voltage source and Zy..(s) is the impedance of any decoupling
network. The feedback and feedforward controllers are denoted
as Gp(s) and Gy(s), respectively:

G.fb (s)= k_belst_HPF ()G, (5) 5)
fo’ (s)= k [’f’Glst_HPF ()G, (5) 6)
Giq e (s)=Ts/(A+Ts) e
G, (s)=1/s ®

where kg and ky represent feedback and feedforward gains of
the controller, respectively, Gis npe(s) represents the transfer
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function of a first-order high-pass filter (HPF), T is the time
constant for the HPF, and Gin(s) represents the transfer function
of an integrator which assumes the role of virtual impedance
enhancement.
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Fig. 9. Equivalent model for proposed AEF: (a) feedback control with
Norton equivalence; (b) feedforward control with Norton equivalence.

To evaluate the performance of a filter, the term insertion loss
(IL) is usually used and defined in equation (9). The signal flow
diagrams for proposed feedback-controlled and feedforward-
controlled AEF are shown in Fig. 10 (a) and (b), respectively.
The diagrams can be further reduced into simplified feedback
systems shown in Fig. 11, which makes it more convenient to
derive the corresponding insertion loss for the proposed AEF.
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Jfb(s)_.),.é_eZLlSN(s)_"
(@)

Iy(s) I isn(s) R

Goi(s)

1‘% s

1
Zo(5)+Z joc(s)
( Gy(s) _:éf_zusw(s)—"

(b)

Fig. 10. Signal flow diagram of proposed AEF: (a) feedback control; (b)
feedforward control.
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Fig. 11. Reduced and simplified signal flow diagram of proposed AEF:
(a) feedback control; (b) feedforward control.

The equations for insertion loss of the proposed feedback-
and feedforward-controlled AEF are derived as follows:

th ()= Z 50 (5)

Hy(5)= Z,(8)+ Z 4, () (10)
ZL[SN (s)— G/f (S)
= _ 1
7 (5) Gy (s)=(Z,(5)+ Z,.(5)) (11)
_ Gy, (s)
o 1+G () * H ; (s) (12)
Gy (5)

ﬂ_1+GOL(S)*Hff'(S) (13)

Ideally, /15y is expected to diminish as much as possible to
make the most of a filter. That means the insertion loss should
approach zero for the proposed feedback- and feedforward-
controlled AEF. To achieve such condition, by analyzing
equations (5)-(13), an excessively large open-loop gain is
preferred, yield:
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Gy (s)* H 4 (s) > © (14)

Go (s)* H ;(s) >0 (15)

Since the open-loop gain Goy(s) previously defined in (1) has
not been influenced by the controller, it could be considered as
constant for insertion loss analysis. This will consequently lead
to the requirement that Hp(s) and Hy(s) be maximized so as to
minimize the insertion loss. By examining (10) and (11), the
following conditions given in (16) and (17) should be met
accordingly:

G (s) >0 (16)

Gy () (Z,(5)+Zy () =1 -

For a feedback-controlled AEF, it is required that the
controller’s gain be extremely large or close to infinity based
on the above analysis. However, there is a potential risk that the
extremely large gain can cause the closed-loop system to
become unstable.

For a feedforward-controlled AEF, if the output impedance
of the controlled voltage source Z,(s) is negligible, it is required
that the gain and phase provided by the controller match the
impedance of decoupling network to achieve good insertion
loss. In this sense, the feedforward control scheme, due to its
requirement of bounded gain, is preferred over the feedback
control scheme in designing the VIE based AEF. In the
following section, detailed realization of the propose VIE based
transformer-less AEF will be discussed.
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Fig. 12. Stability analysis of the proposed AEF: (a) block diagram; (b) Bode
plot.

Stability analysis is critical with regard to AEF design [47]-
[49], and the stability analysis model of the proposed AEF is
developed and shown in Fig. 12 (a). The loop gain Gi(s) is
derived as:

Z, () ZLsy () =G (5)]

[Z,($)+Z 55 (8) + Z,,, (S)][Gﬁf (8) = Z 4. (5)]
(18)
Based on Gi(s), the Bode plot is shown in Fig. 12 (b). Gz(s)
crosses the 0-dB axis at approximately 11 kHz with a phase
margin more than 90° and assumes an infinite gain margin
within the frequency range of interest.

G, (s)=

C. Design of VIE Based Transformer-less Feedforward-
controlled AEF

Current transformers have been reportedly used for current
sensing in designing AEFs in other literatures [25], [38]. The
parasitic output inductance and capacitance of a CT will form a
resonant tank at certain high frequency, which might cause
instability issue in the current sensing circuit. Moreover, CT
based current sensing scheme can only be applied in AC and
the use of ferrite magnetic core would, to a certain extent, add
up to the filter’s volume.

To achieve a more compact and transformer-less design of
an AEF, the shunt resistor current sensing scheme is preferred
due to its simplicity and general applicability. Such method is
widely used in the application of power factor correction and
over-current protection. Fig. 13 illustrates an example of shunt
resistor current sensing circuit based on op-amp difference
amplifier. Any flowing-through current will present voltage
drop across the shunt resister Ryense and such voltage drop will
be amplified by the gain set by the resistive network. Note that
Ryense should be much less than R; and R, in order to minimize
resistive load effect. A first-order HPF to suppress the
fundamental or DC component in the sensed signal is realized
by a simple RC circuit shown in Fig. 14. The cut-off frequency
¢ _upr 1s given in equation (19).

R * *
Vo=V, _Vz)R_2 R,=R,,R,=R,
1 (19)

) _—
C_HPF RC 20)

_— I

sense

ViR
*
Izl 4_1/ “71 | “]0
Vout R
-V
M Fig. 14. First-order RC high-
GND R2 pass filter circuit.
Fig. 13. Shunt resistor current sensing
circuit.

The proposed AEF relies on integration of the sensed noise
current as its voltage output to function as a virtual capacitor
per the principle of virtual impedance enhancement. Fig. 15 (a)
shows an integrator circuit with the aid of an op-amp, whose
integral gain is set by 1/RC. Fig. 15 (b) shows the equivalent
circuit of the op-amp based integrator. Riam and Cigm represent
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the op-amp’s input impedance; Vop and R, represent the op-
amp’s output voltage and output impedance, respectively.

Fig. 15. Operational integrator: (a) Op-amp based integrator;(b)
Equivalent circuit of the integrator.

To ensure the operational integrator’s performance at higher
frequencies, two main parameters of the op-amp in use should
be paid careful attention to. The frequency of concern in the
conducted EMI noise ranges from tens of kHz to several MHz,
which poses a great challenge to the op-amp’s gain bandwidth
product. The open-loop gain of an op-amp is ideally infinite at
all frequencies, but it is finite and dependent on frequency in
reality. Fig. 16 illustrates the open-loop gain of a realistic op-
amp, where the gain at low frequency is maximum and
decreases linearly along with frequency. There is a point where
the open-loop gain crosses the 0 dB line (Gop equal to 1). The
frequency at which the open-loop gain reaches one is referred
to as the unity gain bandwidth or gain bandwidth product
(GBW). It is desired that GBW be as large as possible to cover
frequency of concern in the conducted EMI when selecting the

Fig. 17. Proposed design of transformer-less feedforward-controlled AEF.

(b)

appropriate op-amp for operational integrator implementation.

Gain (dB)

|
0 _ ‘I
h GBW "IN f(Hz)

Fig.16. Realistic op-amp’s open-loop gain vs. frequency.

Another important parameter in selecting the appropriate op-
amp is the slew rate (SR). This parameter determines the fastest
rate of change the op-amp’s output can handle. For example,
the maximum rate of change occurs at zero crossing in a
sinusoidal signal and can be derived as:

R =27V_. f

max

(20)
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where Rn is defined as the maximum rate of change in a
sinusoidal signal, Vpax is the maximum amplitude of a
sinusoidal signal, and f'is the frequency of a sinusoidal signal.
To be capable of reflecting on the sinusoidal signal promptly,
the SR of an op-amp in use must satisfy:

SR>R =27V __ f 22)
A reasonably large SR that can capture the sensed high-
frequency noise is also desired for the operational integrator to
perform the expected virtual impedance enhancement.

In summary, the proposed design of a transformer-less
feedforward-controlled AEF is shown in Fig. 17. The op-amp
based current sensing network followed by an RC HPF is
supposed to provide a scaled measurement of the high-
frequency current present in the lines. The operational
integrator is responsible for performing the virtual impedance
enhancement to realize the proposed AEF. An additional push-
pull power amplification stage, as shown in Fig. 18, could be
concatenated with the integrator circuit if more current
sourcing/sinking is desired [39].

-V
Fig. 18. Optional design of operational integrator with the capability of
power amplification.

V. SIMULATION AND EXPERIMENT

A. PSIM Simulation

A simplified circuit of the proposed AEF is built and
simulated in PSIM for proof-of-concept. A square-wave
voltage source to mimic the noise source as well as a single-
phase LISN based on the model shown in Fig. 6 are used in the
simulation. Fig. 19 shows the proof-of-concept simulation
model. Dedicated blocks are available in PSIM to make the
proposed feedforward-controlled AEF and the simulation
parameters are summarized in TABLE I. The simulated
conducted spectrum without and with the proposed AEF is
shown in Fig. 20. Significant reduction in the conspicuous
peaks is observed with the proposed AEF, which indicates the
effectiveness of virtual impedance enhancement in designing an
AEF.
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Fig. 19. Proof-of-concept simulation model in PSIM.

120
100 |

80

Simulated spectrum w/o AEF]|
Simulated spectrum w/ AEF

60 [
40
20
0
=20

Magnitude/dBpV

40
-60
-80

-100

10° 10° 10
Frequency/Hz
Fig. 20. Simulated conducted spectrum of proof-of-concept model (Red:
without the proposed AEF; Blue: with the proposed AEF).

TABLE I
PARAMETERS OF SIMULATION MODEL

Simulation timestep 1E-8 s
Square-wave voltage source 1V pk-pk, 100 kHz
Decoupling network-capacitor 1 uF

Decoupling network-resistor 100 kQ
Time constant for 1 HPF 1E-5s
Integral gain 1E6

B. Insertion Loss Evaluation

As discussed in previous section, the proposed feedforward-
controlled AEF requires that its controller Gy(s) match the
impedance of the decoupling network Zg.(s). This condition
can be rewritten as:

To assess how the feedforward controller Gy(s) deviating from
the impedance of the decoupling network Zg..(s) will affect the
stability of the proposed AEF, the stand-alone insertion loss of
the proposed AEF is simulated with MATLAB. Fig. 21
illustrates the plot of the insertion loss of the proposed AEF
dependent on |Gy(s)/Zae(s)|- As can be seen, the best stand-
alone insertion loss of the proposed AEF is achieved when
|Gy(s)/Zaec(s)| reaches 1, whereas the proposed AEF will be less
effective beyond the match point.
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InsertionLoss Plot
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Fig. 21. Stand-alone insertion loss of the proposed AEF with dependency
on |Gy(s)/Zuee(s)|-

Fig. 22 illustrates the design of the proposed transformer-less
feedforward-controlled AEF. Most electronic components are
surface mount devices (SMD) and no ferrite magnetic
components are used, so the overall size of the AEF board can
be made relatively small. TABLE II summarizes all the
components used on the proposed AEF board. The prototype is
first subjected to a vector network analyzer (VNA) for stand-
alone insertion loss characterization. The measurement setup
and measured stand-alone insertion loss of the AEF board are
shown in Fig. 23 and Fig. 24, respectively. The VNA-Bode 100
performs a frequency sweep from 100 kHz to 30 MHz. More
than 20 dB reduction is observed within the frequency range of
100 kHz-1 MHz, while 10 dB reduction on average is observed
at frequencies beyond 1 MHz. It is unrealistic to guarantee a
perfect match between Gy(s) and Zu..(s) at higher frequencies
since the parasitic components (series inductance, leakage
resistance, etc.) in the decoupling network become dominant,
yielding completely different impedance characteristics of the
decoupling network.

AEF prototype

Fig. 22. Design of the proposed AEF board.

Fig. 23. Insertion loss measurement setup with Bode 100.
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Fig. 24. Insertion loss characteristics of the proposed AEF board.
TABLE I

COMPONENTS IN THE PROPOSED AEF

Riense VISHAY DALE 0.25 Q, 1%
Ry, Rs, Rine Panasonic Electronic Components 1 kQ, 0.1%
Ry, Ry Panasonic Electronics Components 4 kQ, 0.1%
Riimit Panasonic Electronic Components 100 k€, 0.1%
Curr, Cine Panasonic Electronics Components 1000 pF, 5% 100 VDC
Cee EPCOS-TDK Electronics 1 uF, 10% 160 VAC
U, Uy Analog Devices Inc. LT1224, 45 MHz GBW

C. Experiments

1) Test with Function Generator: The AEF prototype is first
tested with a Tektronix function generator AFG3101 as
emulated noise source. To mimic the operation of power
converter, 50%-duty-cycle square-wave with amplitude of 100
mV at 100 kHz is generated from the function generator feeding
standard 50 Q resistive load. A 50 pH LISN-TBLCO08 from
TekBox along with spectrum analyzer-DSA815 from RIGOL is
used for conducted emission measurement. The entire
measurement setup is shown in Fig. 25 (a). Fig. 25 (b) shows
the block diagram of this experimental setup. Fig. 26 shows the
measured spectrum before and after applying the AEF
prototype.

More than 20 dB reduction is achieved within 100 kHz-1
MHz. In addition, approximate 10 dB reduction is observed
beyond 1 MHz. The designed AEF is showing consistent
performance with regard to the stand-alone insertion loss
characteristics.
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2) Test with AC-DC Converter: The AEF prototype is further
tested with a 7.5 W commercial power adaptor. The power
adaptor is an AC-DC converter which converts 100-240 VAC
to 5 VDC. The AEF is present at the power adaptor’s input to
suppress the conducted EMI from AC power lines. The entire
measurement setup is shown in Fig. 27 (a). Fig. 27 (b) shows
the block diagram of this experimental setup. Fig. 28 shows the
measured spectrum before and after applying the AEF
prototype. The designed AEF shows excellent performance in
conducted EMI reduction at the AC power line for this
commercial AC-DC converter.

3) Test with DC-AC Inverter: The AEF prototype is finally
tested with a three-phase DC-AC inverter to evaluate its
performance at DC side. The DC bus voltage of the inverter is
100 V and a Y-connected three-phase R-L (100 €, 0.2 mH) load
is connected to the inverter’s output. The inverter is switching
at 10 kHz under space vector PWM. The AEF is placed on the
DC side to evaluate its performance in suppressing conducted
EMI for DC-AC inverter. The entire setup is shown in Fig. 29
(a). Fig. 29 (b) shows the block diagram of this experimental
setup. Fig. 30 shows the measured spectrum before and after
applying the AEF prototype. The designed AEF shows overall
satisfactory performance in conducted EMI reduction on the
DC power line of the DC-AC inverter.

d
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Fig. 25. Test with function generator: (a) measurement setup; (b) block
diagram.
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Fig. 28. Measured spectrum without/with the proposed AEF board.
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Fig. 29. Test with DC-AC inverter: (a) measurement setup; (b) block
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Fig. 30. Measured spectrum without/with the proposed AEF board.

4) Discussion: Note that the open-loop gain Gor(s) which is
determined by the noise source characteristic Zy(s) will also
affect the overall insertion loss of the system with AEF applied.
Therefore, the final noise performance is a complex function of
filter elements and noise source impedance, which vary in
magnitude and phase over the frequency spectrum of interest
[50]. The differences in achieved mitigations for AC-DC
converter and DC-AC converter, compared to the measurement
with a function generator are mainly due to their heterogeneous
noise source characteristics. The noise source impedance of a
function generator can be seen as standard 50 Q over the
frequency of interest, whereas the noise source impedance of
AC-DC converter/DC-AC converter is highly non-linear.

VI. CONCLUSIONS

In this paper, the concept of virtual impedance enhancement
in the context of designing a transformer-less AEF for power
converters is thoroughly discussed. Different from existing
active filtering techniques which rely on reverse injection for
noise cancellation, the proposed design features the realization
of a virtual capacitor based on feedforward control of an op-
amp based integrator. Simulation and experimental results have
clearly validated the effectiveness of the proposed AEF. The
proposed design can be potentially adopted at either AC-side or
DC-side for conducted EMI suppression in power converters.
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