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Abstract—Conventional passive EMI filters are bulky and oc-
cupy up to 30% of converter volume and weight. Active EMI
filters are a key technology that enables the volume reduction of
passive components in the EMI filter. The effectiveness of tra-
ditional active EMI filter for volume reduction is limited by the
additional overhead from the passive components for noise sensing
and compensation to ensure stability. In this article, a novel active
EMI filter is proposed and demonstrated for differential mode
noise attenuation. The filter consists of a twin circuit made up of
low voltage/current components that mimic the high-power passive
filter components in the main circuit. Unlike the conventional
active EMI filter, the proposed filter uses compensation networks
which consists of low-voltage surface-mount components only. The
modeling of the entire circuit is carried out, and verified with
small-signal measurements. The filter is then tested in a converter
and the experimental results are shown to be consistent with the
model and the small-signal measurements.

Index Terms—Active EMI filters, analog twin circuit, conducted
emissions, passive EMI filters.

I. INTRODUCTION

POWER converters generate EMI noise due to the switching
action of the power semiconductor devices. Convention-

ally, a second-order passive EMI filter is used for noise miti-
gation to ensure compliance with standards. With the advent of
wide-bandgap devices such as SiC and GaN, the power density
of the power stages is ever increasing, as demonstrated in the
literature [1]–[5]. While the power density of the power stage
increases, the high switching frequency and high switching
speeds of the wide-bandgap devices introduces more challenges
[6], [7] require careful design of EMI filters to ensure the
high power density of the entire power converter. However, the
passive components have not kept up with the developments in
the power semiconductors area. Therefore, passive EMI filters
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are a significant bottleneck for power density and could occupy
up to 30% of power converter volume and weight.

Active EMI filters are a key technology that will enable
high-density passive solutions for the next generation of power
converters. Typically, active EMI filters are implemented along
with another passive component. This is essential because of
the limitation of the bandwidth of the passive components and
the active circuits used in the active EMI filter. Using active
EMI filters along with a passive component is referred to as
hybrid EMI filters. Active and hybrid EMI filters have been
shown to reduce the volume of the passive components by
over 50% [8]–[10]. The active EMI filters provide attenua-
tion up to a few MHz, and a smaller passive filter is used
to provide high-frequency attenuation. The active EMI filters
can be classified based on the methodology of control, noise
sensing, and noise-cancellation mechanisms [11]–[13]. Previ-
ously, active EMI filters using feedforward [11], feedback [10],
[14], [15], and a combination of both control techniques [16]
have been demonstrated. Also, active EMI filters utilizing a
combination of voltage or current sensing and cancellation have
been demonstrated [8], [9], [17]–[19]. Active and hybrid EMI
filters have been applied to common mode (CM) and differential
mode (DM) noise attenuation in both dc–dc [9], [20], ac–dc [10],
[14], [17], and dc–ac [11], [21] converters.

Among existing work, transformerless current-cancellation
topologies have been shown to offer higher volume reductions
than voltage-cancellation topologies that use a voltage injector.
Recently, a summary of different active EMI filters and their
implementation of different power converters was presented in
[22]. In [22], the need for novel analog or digital active EMI
filters with improved performance (attenuation) while avoiding
additional passive components for compensation was identified.
In order to get good attenuation with the feedforward topology,
tight control of tolerance of all the passive components is re-
quired. Moreover, for the most part, the feedforward topology
remains stable.

While the feedback topology is resilient to component tol-
erances, it is subject to stability issues at low (<150 kHz)
and high (>30 MHz) frequencies. Instability at low frequency
occurs due to the phase shift introduced by the noise-sensing
circuit. High frequency instability stems from the gain roll-
off of the op-amp circuit, and other parasitics in the circuit.
In order to ensure stability, damping networks comprising of
high-voltage/high-current components are added to the circuit.
These components add to the bulk and reduce the benefits of
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Fig. 1. Schematic of typical feedback control based voltage-sense current-
cancellation active EMI filter.

using active EMI filters. The schematic of a typical feedback
control based voltage-sense current-cancellation active EMI
filter is shown in Fig. 1. There are four main parts of the
active EMI filter. They are: the noise-sensing circuit, the ac-
tive circuit (op-amp), the main passives, and the compensation
network. In [15], attenuation of up to 34 dB around 150 kHz
in an ac–dc converter with PFC using feedback current-sense
current-cancellation topology active EMI filter was reported.
However, in addition to the current transformer (CT) for noise
sensing, additional high-voltage capacitor (CC) and resistor
(RC) compensation network to ensure the stability of the active
EMI filter. This additional high-voltage compensation network
prevents maximizing the volumetric benefit of using an active
EMI filter. It was shown in [14] that for an ac–dc converter
without PFC, voltage-sense current-cancellation active EMI fil-
ter offers the most volume reduction. While this method avoided
any CTs and additional high-voltage compensation network, an
attenuation of only 12 dB was achieved around 150 kHz. The
main bottleneck that limits the performance was identified as
the phase shift introduced by the noise sensing second-order
high-pass filter.

This work proposes a novel active EMI filter with a twin
circuit. The proposed active EMI filter overcomes the stability
issues facing a conventional feedback control based imple-
mentation. The proposed topology does not require any high
voltage/current components for compensation, and instead only
uses low-voltage surface mount components. Some of the pre-
liminary results in this article were previously presented by the
authors in [23]. The rest of this article is organized as follows.
Section II describes the proposed concept of the active EMI filter
with a twin circuit. Section III involves the modeling, design,
and frequency domain measurements using the VNA to verify
the modeling of individual subcircuits and insertion loss of the
entire filter as a whole. Section IV describes the experimental test
setup, and discusses the small signal and experimental results.
Finally, Section V presents the conclusion.

II. ACTIVE EMI FILTER WITH TWIN CIRCUIT

A. Topology Selection of Active EMI Filter

The active EMI filter could use either noise current or
noise voltage sensing and cancellation. Topologies that em-
ploy current-sensing and voltage-cancellation requires the use
of CTs for current-sensing and voltage-injection transformers

Fig. 2. Schematic of proposed feedforward control based voltage-sense
current-cancellation active EMI filter with twin circuit.

for voltage injection, respectively. For DM noise, the CTs and
voltage injection transformers can be bulky since they have
to carry the line current without getting saturated. Therefore,
using these topologies would affect volume reduction benefits
that come with the use of the active EMI filter. Therefore, it
is more desirable to use active EMI filter topologies that do
not require the use of any additional magnetic components. The
voltage-sense current-cancellation topology uses only high volt-
age capacitors in combination with low voltage active circuits for
noise sensing and cancellation. Therefore, using this topology
will help maximize the volume reduction and therefore, is used
in this article. Previously, feedback control based voltage-sense
current-cancellation topology was demonstrated in [14]. How-
ever, in order to avoid using additional high-voltage components
for compensation for stability improvement, the attenuation of
the active EMI filter was limited to 12 dB around 150 kHz.
This work proposes a topology that only uses low-voltage com-
ponents for compensation but still implements voltage-sense
current-cancellation active EMI filter for DM noise cancellation
while achieving 24 dB attenuation around 150 kHz.

B. Feedforward Voltage-Sense Current-Cancellation
Active EMI Filter With Twin Circuit

The schematic of the overall implementation of the proposed
active EMI filter for DM noise attenuation is shown in Fig. 2. The
converter is represented by the current source, IS , and the noise
source impedance ZS represents the impedance of the dc-link
capacitor. The load impedance ZLISN represents the equivalent
impedance of the LISN for DM noise. The original passive
EMI filter consists of inductance, LDM, and capacitor, CDM. The
proposed active EMI filter enhances the impedance ofCDM. And,
in combination with LDM, it forms the hybrid EMI filter. This
LDM could be a discrete inductor or leakage inductance of the
CM choke. In the active EMI filter, the CDM is referred to as the
CINJ since the noise current is injected through this capacitor.
Noise sensing is carried out at the converter end, making this
implementation a feedforward topology.
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Fig. 3. Block diagram of proposed active EMI filter—twin circuit block
diagram collapsed into GINJ.

There are four parts of the proposed active EMI filter circuit.
The first stage involves the noise sensing high-pass filter. It
consists of a second-order high-pass filter that rejects any line
frequency and other harmonics and senses only the switching
frequency and its harmonics. The second stage is the com-
pensation stage. The output of the high-pass filter is buffered,
and the compensation network is used to improve the gain and
phase around 150 kHz (start of EMI frequency range). The
compensation network uses only low-voltage components and is
key to enhance the attenuation of the active EMI filter. The next
stage is the twin circuit. The output of the compensation network
is fed to the twin circuit that comprises of the components that
mirror the main filter components. That is, corresponding to
LDM, CINJ, and ZLISN in the main power circuit; there are LDMt,
CINJt, and ZLISNt in the twin circuit. The twin circuit consists
of a feedback control based voltage-sense current-cancellation
topology active EMI filter. All the components in the twin circuit
are low-voltage and low-power components. The final stage is
the noise injection stage. This circuit buffers the injected noise in
the twin circuit, VINJt, and injects into the main circuit. Ideally,
all the active circuitry and its components of the active circuit
with the exception of LDMt and CINJt could be integrated into a
single IC. Even then, since these components do not carry the
line current or do not have to block the line voltage, they can
be made from surface mount components or much smaller in
volume relative to passive components in the power circuit for
all cases. Moreover, the filter would be more beneficial at higher
power levels. Furthermore, in the entire active EMI filter, there
are only two high-voltage components – CS1 and CINJ capac-
itors avoiding the need for additional magnetic components or
high-voltage capacitors.

III. MODELING OF THE ACTIVE EMI FILTER

AND TWIN CIRCUIT

The block diagram of the entire active EMI filter circuit is
shown in Fig. 3, and the equivalent circuit is shown in Fig. 4(a).
ISS is the current through ZS , and ISA represents the current
flowing through the filter. This cancellation current injected by
the filter and the noise current through the LISN is represented by
ISC and ISL, respectively. Alternatively, the DM noise source

Fig. 4. (a) Equivalent circuit of proposed active EMI filter with noise source
represented by current source. (b) Noise source represented by voltage source.

could be represented by the voltage source VS given by (1) in
series with an impedance, as shown in Fig. 4(b). Now, the sensed
voltage, VSEN is given by (2). Combining the impedance ofLDM,
ZDM, and noise-source impedance, ZS , simplifies the derivation
of the open-loop current gain. The new equivalent noise source
(I ′S) and noise source impedance (Z ′

S) is given by (3) and (4),
respectively. Now, the open-loop current gain (GOL) without the
active EMI filter is given by (5).

VS = IS ZS (1)

VSEN = VS − ISAZS = ZS(IS − ISA) (2)

I ′S =
ZS

ZS + ZDM
IS (3)

Z ′
S = ZS + ZDM (4)

GOL =
ISL

I ′S
=

Z ′
S

Z ′
S + ZL

=
ZS + ZDM

ZS + ZDM + ZL
(5)

The noise source voltage VSEN is sensed by the active EMI
filter using a high-pass filter. The output of the high-pass filter
VHPF is then inputted to the compensation stage. The output
of the compensation stage is VCOMP is then used as the noise
source VSt to the twin circuit. Let GINJ be the ratio of the VINJ

to VSEN. The injected cancellation current ISC is given by (6).
Substituting for VSEN in (6), results in (7).

ISC =
ISLZLISN +GINJVSEN

ZINJ
(6)

ISC =
ISLZLISN +GINJ(VS − (ISL + ISC)ZS)

ZINJ
(7)

The twin circuit comprises of feedback control based voltage-
sense current-cancellation active EMI filter circuit. The detailed
derivation of the topology used in the twin circuit is presented
in [14] and general current-injection based active EMI filter
topologies for DM noise are discussed in detail [10], [15], [16].
So, only final equations are given here for the sake of brevity.
The block diagram of the twin circuit is shown in Fig. 5. The
circuit schematic and the equivalent circuit of the twin circuit
are shown in Fig. 6(a) and (b), respectively. The noise voltage
source in the twin circuit is VSt. The current through LDMt is
ISLt, and the cancellation current is ISCt and the current through
ZLISNt is given by ISLt. The feedback gain of the active circuit is
represented by Ajt. The feedforward current gain and the loop
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Fig. 5. Block diagram of twin circuit—feedback voltage-sense current-
cancellation topology.

Fig. 6. Equivalent circuit of twin circuit with noise source represented.
(a) Voltage source. (b) Current source.

gain of the feedback loop is given in (8) and (9), respectively.

ISLt

I ′St

=
Gt

1 +Gt
ZLISNt
ZINJt

(1 +Ajt)
(8)

where Gt =
ZDMt

ZDMt + ZLISNt

VINJt

VSt
=

ISLt

I ′St

ZLISNt

ZDMt
Ajt (9)

Substituting (8) in (9), gives (10).

VINJt

VSt
=

Ajt

1
Gt

ZINJt
ZLISNt

+ 1 +Ajt

ZINJt

ZDMt
(10)

The attenuation with the active EMI filter with the twin circuit
is then given by (11).

GCL = 1− VINJt

VSt

ZDM

ZINJt
THPFTCOMP (11)

GCL = 1− Ajt

1
Gt

ZINJt
ZLISNt

+ 1 +Ajt

ZINJt

ZDMt

ZDM

ZINJ

THPF TCOMP (12)

Substituting (10) in (11), yields (12). From (12), it can be seen
that the attenuation of the proposed filter is highest when the
second term is unity. For this to occur, the following conditions
need to be satisfied:

1) the gain of the twin circuit which in turn determines the
ratio of VINJt to VSt;

2) the degree to which there is a good match between ZINJ

and ZINJt, ZDM, and ZDMt;
3) THPFTCOMP should be unity in the EMI frequency range.
Furthermore, the attenuation does not depend on the accurate

match between ZLISN and ZLISNt, which makes the filter more

Fig. 7. Schematic of simplified model of op-amp.

robust to noise source impedance variations. The component
selection, modeling, and design of each subcircuit and overall
circuit design to achieve maximum attenuation with the pro-
posed active EMI filter are discussed next.

A. Operational Amplifier

The proposed active EMI filter uses op-amps in four parts of
the circuit. Ideally, all four op-amps could be integrated into one
single IC. The first three op-amps are all small signal circuits
and do not need The open-loop gain and the output impedance
of the op-amp are available in the datasheet [24]. The values
from the datasheet are verified by measurements using the VNA.
The open-loop gain and the output impedance of the op-amp
is measured by configuring it at a known value of closed-loop
gain[25]. The simplified model of the op-amp is shown in Fig. 7.
The transfer function of the open-loop gain of the op-amp is
given by 13. The open-loop gain is around 65 dB at 100 Hz and
is capable of supplying up to 75 mA of current. This op-amp is
overdesigned to be used as the buffer for the noise sensing and
compensation stages. However, for the simplicity of modeling,
the same op-amp is used in all three stages.

Gamp =
Go

(1 + s/ω1)(1 + s/ω2)
(13)

where, Go is the open-loop gain at dc, and ω1 and ω2 rep-
resent the gain rollover frequencies. Go = 1780, ω1 = 2×
180 krad/s, and ω2 = 2× 350 Mrad/s.

B. High-Pass Filter

The converter that uses this filter could be fed from ac
or dc supply. Either way, the noise-sensing stage has to suf-
ficiently attenuate any 60 Hz ac voltage its harmonics, and
the high-frequency currents due to rectifier operation or any
other converters connected to the same node. Otherwise, any
low-frequency harmonics can easily saturate the output of the
active circuits. Ideally, the output of the high-pass filter should
only include the switching frequency and its harmonics in the
desired EMI frequency range (150 kHz to few MHz). The design
of the sensing network requires careful consideration to ensure
that it

1) has the desired performance throughout the entire fre-
quency range;

2) does not add too much to the volume of the filter.
It is not possible to get around 80 dB attenuation at 60 Hz with

a first order high-pass filter. Therefore, a second order high-pass
filter is used as the sensing network. The capacitor Cs1 needs
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Fig. 8. Frequency response of high-pass filter for noise-sensing—model
versus measurement.

to be rated for the input voltage and needs to be safety rated
(X1Y1 rated). The other components Cs2, Rs1, and Rs2 are
low voltage and low-power components. The capacitor Cs2 is a
50 V rated X7R surface mount capacitor. The transfer function
of the filter is given by (14). The output of the high-pass filter is
buffered (op-amp configured as voltage follower) and fed to the
compensation stage. The selected op-amp is unity-gain stable
with a gain-bandwidth of about 500 MHz. Therefore, the output
of the buffer could be assumed to be the same as that of the
high-pass filter. The transfer function of the filter and the buffer
is measured forCs1 = 4.7 nF,Cs2 = 10 nF,Rs1 = 3.3 kΩ, and
Rs2 = 3.3 kΩ using the Bode-100 VNA. The comparison of
model and measurement is shown in Fig. 8.

THPF =
s2

s2 + s( 1
Cs1Rs1

+ 1
Cs1Rs2

+ 1
Cs2Rs2

) + 1
Cs1Cs2Rs1Rs2

(14)

C. Compensation

The low-frequency compensation is a lead-lag compensator.
As a whole, the proposed analog-twin based active EMI filter is a
feedforward implementation. Therefore, the attenuation is max-
imum when the gain is unity with no phase shift. The high-pass
filter that is used to sense the noise reduces the gain and intro-
duces phase shift up to a few 100 kHz. In order to reduce this,
a pole-zero pair (lead-lag compensator) is introduced after the
high-pass filter. This transfer function of the sensed noised with

Fig. 9. Frequency response of high-pass filter output with and without com-
pensation.

and without compensation is illustrated in Fig. 9. The lead-lag
compensator is chosen such to reduce the distortion in gain and
phase in the EMI frequency range without overshooting the gain
above unity. The compensation stage consists of a noninverting
amplifier with a gain of (2). Since the gain bandwidth (GBW) of
the op-amp is of the order of 500 MHz, the transfer function of
the op-amp can be assumed to be approximately given by (15).
The output of this circuit is fed to the compensation network.
The compensation network consists of Rc1, Rc2, and Cc1 and
is used to introduce a pole-zero pair (lead-lag compensation)
around 150 kHz to improve the gain and the phase distortion
introduced by the noise-sensing stage. The transfer function
of the compensation stage is determined by the noninverting
amplifier and the passive network. The transfer function of the
compensation network and the noninverting amplifier is given by
(16). The transfer function of the filter and the buffer is measured
for Cc1 = 47 nF, Rc1 = 120 Ω, and Rc2 = 120 Ω using the
Bode-100 VNA. The comparison of model and measurement
is shown in Fig. 8, and the comparison of the sensing stage with
and without compensation is shown in Fig. 9. And, comparison
of model and measurement of high pass filter with compensation
is shown in Fig. 10.

TA =
1 + R2

R1

1 + 1+(R2/R1)
Gamp

≈ 2 (15)

TCOMP =
1

sCc1
+Rc2

Rc1 +
1

sCc1
+Rc2

TA (16)
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Fig. 10. Frequency response of compensation stage and high-pass filter—
model versus measurement.

Besides this, all the op-amps require high-frequency compen-
sation to avoid instability. This is ensured by conventional lag
compensation by using a small capacitor across the feedback
resistor to reduce the gain at frequencies higher than 30 MHz.

D. Twin Circuit

The twin circuit comprises of feedback control based voltage-
sense current-cancellation active EMI filter circuit. The detailed
derivation of the topology used in the twin circuit is presented
in [10], [14]. So, only final equations are given here for the
sake of brevity. The block diagram of the twin circuit is shown
in Fig. 5. The circuit schematic and the equivalent circuit of
the twin circuit are shown in Fig. 6(a), and (b), respectively.
The noise voltage source in the twin circuit is VSt. The current
through LDMt is ISLt, and the cancellation current is ISCt and
the current through ZLISNt is given by ISLt. The feedback
gain of the active circuit is represented by Ajt. The feedforward
current gain and the loop gain of the feedback loop is given in
(8) and (9), respectively.

The twin circuit comprises of feedback voltage-sense current-
cancellation topology which is designed based on [14] and only
key details are provided here for the sake of brevity. The gain
of the inverting amplifier is set using Cf , Zf , and Zb to 24
dB in the frequency range of 150 kHz to 1 MHz. The three
main components of the twin circuit are LDMt, CINJt, and ZLISNt

which are identical to the components LDM, CINJ, and ZLISN

in the main power circuit. The twin circuit is configured in the

Fig. 11. Frequency domain measurement of VLISNt—model versus measure-
ment.

feedback configuration. It operates to reduce the noise in ZLISNt,
which is a 100 Ω resistor. The gain of the amplifier circuit is
directly related to the attenuation provided by the active EMI
filter. The high-frequency stability of the twin circuit is ensured
by using lead-compensation method (adding a capacitor across
the feedback resistor) and using an injection resistor in series
with CINJt. The loop gain of the twin circuit is given by (17).
The gain of the twin circuit is set to ensure that the twin circuit
is stable and the output of the op-amp in the twin circuit is not
saturated by any low frequency and its harmonics. The voltage
VINJt is then fed to a buffer in the injection stage. The output of
this buffer is fed to CINJ in the main circuit. The voltages VLISNt

and VINJt are measured using the VNA for LDMt = 33 μH,
CINJt = 47 nF, and ZLISNt = 100Ω. The comparison of model
and measurement is shown in Figs. 11 and 12 and show good
agreement.

Ajt = TIA(s)
ZL//ZS

(ZL//ZS) + ZINI
(17)

where,

TIA =
Gop-amp(Zb + (Zo//Zl))

Zff + Zb + (Zo//Zl)

1

1 +Gop-ampβ

β =

(
Zff

Zff + Zb

)(
Zl//(Zff + Zb)

Zl//(Zff + Zb) + Zo

)

Zl = ZINJt + ZLISNt//ZDMt
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Fig. 12. Frequency domain measurement of VINJt—model versus measure-
ment.

E. Injection Network and Insertion Loss

The VINJt voltage from the twin circuit is buffered and injected
in the main circuit using CINJ. A series resistor RINJ is added
to damp the resonance between LDM and CDM, similar to the
twin circuit. The model versus measurement of insertion loss
of the proposed analog-twin based active EMI filter is shown in
Fig. 13. The measurement shows good agreement to the model
up to a few MHz. The comparison of insertion loss with the
inductor LDM (33 μH) , passive components LDM (33 μH), and
CDM (47 nF) only, the same passive components, LDM (33 μH)
and CINJ (47 nF), when used with the analog-twin based active
EMI filter, is shown in Fig. 14. In order to see the additional
attenuation by the active EMI filter, the value of CDM and CINJ

is kept the same. When compared to the passive components
only, the active EMI filter provides 24 dB at 150 kHz with the
bandwidth of 1 MHz. However, along withLDM, the bandwith of
the overall hybrid filter encompasses the entire conducted EMI
frequency range of CISPR-22 standard (150 kHz to 30 MHz).

IV. EXPERIMENTAL RESULTS

A. Small Signal Test Results

For carrying out the small-signal tests, the function generator
is used as the noise source. Since the output of the function
generator has a 50 Ω output impedance, the function generator
is used with an op-amp configured as a voltage follower. In
addition, a 30 μF capacitor in series to the output of the voltage

Fig. 13. Insertion loss of analog twin active EMI filter—model versus
measurement.

follower to represent the capacitive noise source impedance in
the actual converter. The output through the capacitor is then
connected to the active EMI filter, and tests are carried out under
two cases. One with theLDM andCDM and another with theLDM

and the proposed active EMI filter. The active EMI filter uses
CINJ same as that of CDM. The noise is measured at the LISN
with a DM noise splitter (minicircuits ZSCJ-2-2+). The output
of the DM noise splitter is connected to the Keysight MXE
EMI receiver. The time-domain waveforms at different stages
of the proposed active EMI filter are measured using TPP1000
1 GHz passive probes and a Tektronix MSO-56 Oscilloscope
and shown in Fig. 15. The noise voltage (Vsource) is sensed
using the high-pass filter (VHPF) is distorted due to the nonlinear
phase shift introduced by the high-pass filter. The output of
the compensation network has lower distortion and corresponds
well to Vsource. The injection signal( VINJ) does not have any
high frequency or low-frequency ringing confirming that the
filter is stable. The frequency-domain measurements from the
EMI receiver are shown in Fig. 16. With the proposed active
EMI filter, there is about 24 dB attenuation around 150 kHz and
the bandwidth of 1 MHz corresponds to the frequency domain
measurements using the VNA.

B. Experimental Results With Converter

The measurement setup is the same as that of the small-signal
test results. The filter is connected to a buck converter with
a switching frequency of 50 kHz and 75% duty cycle. The
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Fig. 14. Measured insertion loss of LDM = 33 μH only, passive components
(LDM = 33μH andCDM = 47 nF) only and with analog twin (LDM = 33μH ,
CINJ = 47 nF and active circuit).

measurements are carried out under the same two cases, as
previously mentioned in the small-signal tests. The time-domain
measurements and are shown in Fig. 17 and the EMI receiver
measurements are shown in Fig. 18, respectively. From Fig. 17,
the distortion introduced by the high-pass filter has been cor-
rected by the compensation network. The injection stage has no
high-frequency or low-frequency ringing, ensuring that the filter
is stable. From Fig. 18, the attenuation at 150 kHz is around 24
dB, which is consistent with the small-signal results and VNA
measurement. There is some attenuation up to 1 MHz, which is
also consistent with the measurements using the VNA.

C. Power Loss and Volume Reduction

The demonstration of the proposed filter includes three op-
amps. For simplicity of modeling all the four op-amps were
chosen to be same model. Also, as mentioned earlier, all of these
op-amps could be integrated into a single op-amp. Therefore, the
bias power of only one op-amp is considered for calculation of
power loss. All the losses in the op-amp are calculated using
5 V bias power. The quiescent power loss in the op-amp is
about 50 mW corresponding to quiescent current of about 10
mA. There are losses in the injection op-amp due to the leakage
current in the injection capacitors. For dc systems, this loss is
negligible. For ac 110 V 60 Hz supply, the leakage current is
about 2 mA (for 47 nF CINJ) which translates to about 10 mW
in losses in the op-amp. Besides these losses, there is loss due

Fig. 15. Small signal time-domain measurements.

Fig. 16. Small signal frequency-domain measurements with EMI receiver.

to injected current. From Fig. 18, the majority of the injected
noise current is only up to 500 kHz. So higher harmonics can be
neglected. At 150 kHz, the noise reduces from 66 to 42 dBμV.
These corresponds to 39.9 and 2.5 mA of current measured at the
LISN at 150 kHz. Therefore, the losses in the injection op-amp
is about 188 mW. Similarly, corresponding to noise injected up
to harmonics of 500 kHz, the total power loss due to injection
current is about 725 mW. Thus, the total power loss (quiescent +
leakage current + injection current) is 785 mW. Majority of the
losses comes from due to the noise cancellation current. At 30 W
power level, the losses are about 2.5%. However, for the same
attenuation, same amount of cancellation-current is injected in
the circuit at any power level. For example, consider the case
where the analog-twin based active EMI filter is used in 300 W
converter. To arrive at worst case estimates, the bias voltage for
the amplifiers is assumed to 15 V instead of 5 V. Then, the power
losses in incurred in the injection circuit will be 2.175 W, which
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Fig. 17. Time-domain converter test results.

Fig. 18. Converter test frequency-domain measurements with EMI receiver.

corresponds to about 0.7%. Therefore, the percentage of losses
incurred in the active EMI filter for the same attenuation reduces
as the power level increases. Furthermore, corresponding to a
reduction of capacitance (X2, 275 Vac rated) from 470 nF (3790
cu. mm.) to 47 nF (1215 cu. mm.), the volume reduction of
required capacitor is about 68%.

V. CONCLUSION

A novel feedforward control based voltage-sense current-
cancellation topology with a twin circuit that uses only high-
voltage capacitors for noise sensing and cancellation is pro-
posed. The topology uses only low-voltage surface mount com-
ponents for compensation to improve attenuation and ensure
the stability of the active EMI filter. The twin circuit consists
of components that are identical to that of the main circuit. The
individual subcircuits are modeled in detail to arrive at the overall

system model and insertion loss. The small-signal measurements
are carried out using the VNA at the subcircuit level, and system
level, and the insertion loss of the proposed filter is compared
to the passive filter. The model is in good agreement with the
measurement up to a few MHz. The small-signal test results
and experimental test results show an attenuation of 24 dB at
150 kHz using a 47 nF capacitor, and a bandwidth of 1 MHz.
This would enable replacing a 470 nF capacitor with a 47 nF one
using the proposed active EMI filter resulting in a 68% smaller
capacitor.
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