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Abstract— The objective of this paper is to introduce a method-
ology to design an active differential mode (DM) filter at the
input side of ac/dc converters to cancel DM electromagnetic
interference noise within concerned frequency range. The boost
power factor correction ac/dc converter was taken as an example
for DM active filter design. The active filter is analyzed based on
the developed DM noise model. The design of DM active filter to
achieve desired insertion gain and stability is addressed in detail.
Both simulations and experiments were conducted to validate
the proposed methodology. It is found that the proposed design
methodology can meet the design objective and the stability
challenge for the DM active filter of ac/dc converters.

Index Terms— AC/DC converters, active differential mode
(DM) electromagnetic interference (EMI) filter, boost power
factor correction (PFC), DM noise.

I. INTRODUCTION

ALMOST all of the switching-mode power conversion
systems generate conducted electromagnetic interference

(EMI) noise. The EMI can be categorized as differential
mode (DM) and common-mode (CM) EMI. The noise flowing
between the power conversion systems and ground is usually
called CM noise and the noise flowing between power delivery
paths is called DM noise. Passive LC filters are widely used
in industry to attenuate EMI. However, the size, weight, and
cost of the passive EMI filters are always a big concern for
power electronics industry. Because filter inductors must carry
full load current and DM capacitors must withstand full ac line
voltages, the passive DM filters can be very big. Hybrid filters
incorporating an active and a smaller passive filter have the
potential to reduce the size of the passive DM EMI filters.
Hence, thorough investigation of hybrid DM EMI filters is
important.
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To reduce the EMI filter size, weight, and cost hybrid CM
EMI filters have been proposed in [1]–[17]. In a hybrid CM
filter, an active filter attenuates the low-frequency (LF) CM
noise and a passive filter attenuates the high-frequency (HF)
CM noise. Because the corner frequency of the passive filter
is significantly increased, the CM EMI filter size could be
significantly reduced. However, an EMI filter is composed of
a CM and a DM functional unit. The hybrid CM filter can
only reduce the size and weight of the CM functional unit.
To further reduce the size of the whole system, the size and
weight of the DM functional unit must be reduced. Most of
the existing techniques address the CM active filter [1]–[17].
Some literatures address the issues of DM active filter design
for dc/dc applications [18]–[20]. On the other hand, the DM
active filter design for ac/dc converters is deemed to be very
challenging [21] and there are few papers to address this
topic [21], [22].

There are big differences in CM and DM active filter
design in case of ac/dc converters. In a DM active filter,
while sensing the DM noise voltage/current, the power line
frequency voltage/current is included along with DM EMI
noise in the sensed signal [21], [22]. This is different in case of
CM active filter, as CM noise sensing part cancels all the DM
signals including the power line frequency voltage/current and
DM EMI noise and senses CM noise only [1]. Hence, unlike
CM active filter, DM active filter for ac/dc converters must
have a high-pass filter (HPF) to reject the power line frequency
voltage/current. However, it is also difficult to maintain a very
low gain at the power line frequency and a high gain at the
beginning of the EMI frequency range, as there are only a
few decades distance between these frequencies and hence,
there must be a sharp rise in the gain of the active filter
which introduces stability issues [21]. For example, when the
switching frequency is low, the topology and control technique
used in [21] could not solve the stability issue while trying to
maintain substantial mid-band gain, as well as sufficiently low
gain at the frequencies of the power line current. There are also
HF stability issues associated with the amplifier’s HF poles,
which needs to be compensated. Until now, a good hybrid DM
active filter design which analyzes and solves all the different
issues associated with stability and hardware design including
detailed mathematical modeling is not found in the available
literature.

In this paper, the DM noise model of an ac/dc boost
power factor correction (PFC) converter and the EMI
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Fig. 1. DM noise in a boost PFC ac/dc converter. (a) DM noise. (b) DM
noise model.

attenuation requirement for the active filter is first discussed.
The active filter’s design methodology is then explored in
detail. The developed design methodology includes the design
and modeling at component level, active filter level and system
level. The closed-loop model is derived based on a feedback
control scheme for an ac/dc system with a hybrid EMI
filter. The system’s stability is analyzed and compensation
is proposed to achieve stability based on the derived loop
gain. Both simulation and experiments validated the developed
design methodology. The designed active DM EMI filter in
this paper ensures a low gain at the power line frequency
and has a high gain at the EMI frequency while maintaining
the stability at both LF and HF. Hence, with the proposed
hybrid DM EMI filter, the overall passive DM filter’s size
is significantly reduced. These are important improvements
over available papers in the DM EMI filter design for ac/dc
converters.

II. DM NOISE OF A BOOST PFC AC/DC CONVERTER AND

ATTENUATION REQUIREMENT FOR ACTIVE EMI FILTERS

A. DM Noise Model

Boost PFC ac/dc converters have been widely used as
front-end converters to improve grid power factor. A boost
converter works at switching mode so it generates DM and
CM noise. Fig. 1(a) shows a commercial boost PFC converter
circuit with line impedance stabilization networks (LISNs)
connected between the power line and the converter for EMI
measurement. The switching frequency of the PFC converter
is 120 kHz. It has a 120-V ac input and 380-V dc ouput, and
delivers 350-W power. The path of DM noise current IDM is
shown in Fig. 1(a).

Based on the substitution theory, the DM noise model of the
converter can be developed by replacing the MOSFET, MB

with a voltage source which has the same voltage waveform
as the drain to source voltage VDS, and by replacing the
diode DB , with a current source which has the same current
waveform as the diode current ID [29]. The impedances of
CB can be ignored as it is very small within the concerned

Fig. 2. DM noise model of the boost PFC converter. (a) Thevenin equivalent
circuit. (b) Norton equivalent circuit.

Fig. 3. EMI noise measurement setup for a commercial boost PFC converter
with a passive EMI filter.

EMI frequency range. The converter works at continuous
conduction mode so diodes rectifier D1–D4 always conducts
current due to the PFC operating status, and they can be
considered as a short circuit. The impedance ZLISN of LISNs
is the load of DM EMI noise. If the LISNs are not present,
the grid impedance will be the load impedance of the DM
noise. If the impedance of the boot inductor L B is ZLB,
the DM noise model can be developed in Fig. 1(b).

Based on Fig. 1(b), the DM noise generated by VDS and
ID can be analyzed based on superposition theory. It is found
that ID does not contribute to the DM noise on the ac input
side because the voltage source VDS, which is treated as
a short circuit when the effect of ID is considered, shorts
the ID . Because current source ID is treated as an open
circuit when the effect of VDS is considered, there is no
DM noise current flowing through RL , so it can be ignored.
As a result, only VDS generates DM noise as the Thevenin
equivalence represented in Fig. 2(a). For the prototype used
in this paper, the impedance of L B is 324-μH inductance with
HF parasitics. The Thevenin equivalence can be converted to
a Norton equivalence in Fig. 2(b) for current gain derivation
in Section III. Here, IS = VDS/ZLB, and IZLB is the current
flowing through the equivalent noise source impedance ZLB.

B. Passive DM EMI Filter

To meet the EMI standards in the input of the boost PFC
converter, a large passive filter is usually used. In Fig. 3, a
preexisting passive filter is used to meet CISPR-22 in this
commercial product. The detailed passive filter design is out
of the scope of this paper as it has been discussed extensively
in [23]–[26]. In this filter, CDM2 and CDM1 are two DM
filter capacitors. Both are 0.47 μF. LCM is a coupled CM
inductor with a value of 5 mH. It has a leakage inductance
LDMCM = 23.6 μH for DM noise reduction. LDM is a DM
inductor with a value of 141 μH. CR is a DM capacitor with

Authorized licensed use limited to: University of Florida. Downloaded on December 30,2020 at 04:37:38 UTC from IEEE Xplore.  Restrictions apply. 



578 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 7, NO. 1, MARCH 2019

Fig. 4. Hybrid DM EMI filter with an active and a smaller passive filter.

a value of 0.47 μF. In Fig. 3, the EMI is measured through
LISNs using a noise separator [28] and a spectrum analyzer.

C. Hybrid DM EMI Filter

Because the active filter can reduce LF DM noise, the pre-
existing passive filter in Fig. 3 can be reduced to a smaller
passive filter consisting of CRS, LDMS, LCM, and CDMS
in Fig. 4. The two DM capacitors CDM1 and CDM2 in Fig. 3 are
functionally parallel. Hence, they are reduced to a single
smaller capacitor CDMS in Fig. 4. The hybrid EMI filter
consists of this small passive filter and an active filter. In
Fig. 4, the active filter is placed between the filter inductor
LDMS and capacitor CRS to meet the high source impedance
and low load impedance requirement as described in [1]. The
choice of the values of the smaller passive filter components
in relation to the active filter gain is described in Section II-D.

D. EMI Attenuation Requirement for the Active Filter

In the hybrid filter, if a high gain can be achieved by the
active filter at the beginning of the EMI frequency range,
the remaining attenuation requirement can be achieved by
the small passive filter, so that the hybrid filter meets the
overall attenuation requirement. But, for the DM active fil-
ter, the maximum attenuation is limited by stability con-
straints at both the LF and HF crossovers, as discussed
in Section I. Now, reducing the attenuation requirement
for the passive filter means its corner frequency can be
increased by reducing the values of the inductor and capaci-
tors. It has been shown in [27] that the passive DM EMI filter
(LC filter) volume is exponentially decreased with the decrease
in attenuation requirement, which means a small reduction in
the attenuation requirement from the passive filter can signif-
icantly reduce the passive filter size. In this design, at first,
the values of the passive filter components should be chosen
so that the passive filter size can be greatly reduced, and
the remaining attenuation can be provided by the active filter
while maintaining stability through compensation. Even after
compensation, if it is not possible to provide the remaining
attenuation by the active filter while maintaining stability, the
component values of the passive filter need to be increased to
meet the overall requirement.

In this design, the component values of the baseline DM
filter components have been reduced by more than half, so that
the hybrid filter size could be reduced by more than half.
From Fig. 4, as CRS is paralleled with LISN, the noise
voltage drop on LISN is determined by CRS instead of
LISN. Also, because CDMS is in parallel with the rest of

Fig. 5. DM noise spectra with and without passive filters.

filter and L B is in series with the filter, L B forms a low-
pass filter with CDMS and the rest of the filter. Because
L B >> LDMS and LDMCM, the first corner frequency is
given by, fc1 ≈ (1/(2π(L B × (CDMS + CRS)))2) [24]. Simi-
larly, the second corner frequency, fc2 can be determined by
network theory and is related to LDMS, LDMCM, and CRS.
To increase/decrease the attenuation of the passive filter at the
desired frequency, these two corner frequencies, fc1 and fc2
need to be decreased/increased, respectively. Based on this,
the values of LDMS, CDMS, and CRS can be adjusted.

For the small passive filter, at first the value of the DM
inductor, LDMS is chosen. It cannot be too small as the
active filter needs high input impedance (shall be discussed
later). The value of LDMS is chosen to be the half of
LDM, hence, LDMS = 71 μH. The value of the other
two components is chosen so that they are smaller than
half in value of the baseline filter’s capacitors. They are,
CDMS = 0.22 μF, CRS = 0.22 μF. LDMCM is not changed as it
is the leakage inductance of the CM inductor. Next, the atten-
uation requirement of the active filter can be determined based
on this small passive filter’s attenuation.

In order to derive the required EMI attenuation for the active
filter, bare DM noise from the converter without any EMI
filter applied was first measured at full load 350 W. The noise
measurement setup is similar to that in Fig. 1(a). In the second
step, the DM noise spectrum with the preexisting baseline
passive filter, as shown in Fig. 3, was measured. Finally,
without the active filter, the DM noise spectrum with only
the small passive filter in Fig. 4 was measured. The spectrum
analyzer used in these experiments is a Tektronix RSA306.

In Fig. 5, based on the measured EMI spectra and the
CISPR-22 EMI standard, the active filter’s attenuation require-
ment can be determined. For the bare noise, the con-
verter’s second order switching harmonic at 240 kHz is
the highest harmonic that falls inside the conducted EMI
frequency range 150 kHz–30 MHz. To meet the standard,
the total attenuation ATOT of the small passive filter and
the active filter should be (137− 62 + 6) dB = 81 dB,
where 6 dB is the attenuation margin. Of this total attenuation
requirement, 55 dB is attenuated by the small passive filter
and the remaining 26 dB needs to be attenuated by the active
filter.

III. ACTIVE DM EMI FILTER DESIGN

The active filter should meet several requirements: first,
it should achieve the desired noise attenuation; second,
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Fig. 6. Control schemes. (a) Feedback. (b) Feedforward.

it should work stably; third, it should have low power loss;
and fourth, the active filter should be small and light.

A. Noise Sensing and Cancellation

Based on noise sensing and noise cancellation method,
active EMI filters can be of four different topologies:
1) voltage sensing—voltage injection; 2) current sensing
(CS)—voltage injection; 3) voltage sensing—current injection;
and 4) CS—current injection.

For the active filter using voltage injection method, a voltage
transformer is needed in series with ac power line. It must
therefore carry full converter power currents. Furthermore,
the transformer magnetizing inductance must be big enough
to reduce the magnetizing current supplied from the active
filter to reduce the power loss of the active filter. Because
of this, the transformer is big and heavy which contradicts
active filter’s objective: filter size and weight reduction. Hence,
voltage injection is avoided in this paper.

For the DM noise sensing, a current transformer (CT) is
a simple way to directly sense DM noise current. With a
proper CT structure, it is also possible to easily eliminate
the influence of CM noise current which can complicate the
active filter design. By properly selecting a turn ratio and a
load resistance, the transfer resistance of the CT can be easily
higher than 1 �, for example 3 �, which is good to achieve
high loop gain and wide bandwidth for the active filter. On the
other hand, the DM noise voltage on power lines can also
be sensed. However, the sensed voltage includes not only the
DM noise voltage but also 50/60 Hz line voltage which is
much bigger than DM noise voltage. A voltage divider and
a high order HPF will be needed to reduce voltage level and
remove the sensed 50/60 Hz voltage. This reduces the gain of
voltage sensing and requires the amplifier in the active filter
has a high gain to compensate the low gain of voltage sensing.
This in turn reduces the bandwidth of the active filter due
to a fixed gain-bandwidth product. Furthermore, high voltage
rating components may also be needed in voltage sensing,
this will limit the volume reduction too. Based on the analysis
above, CS—current injection (CSCI) will be used for the active
filter design in this paper.

B. Active Filter Control Schemes

Based on the control scheme, a CSCI active filter can be
designed in two ways: 1) feedback and 2) feedforward. These
two configurations are shown in Fig. 6. IDM is the DM noise
current from the noise source. IR is the noise current flowing
through the LISNs or grid after the active filter is inserted.

Fig. 7. Equivalent impedance model of LISNs for DM noise. (a) Circuit of
LISNs. (b) Equivalent impedance of LISNs.

Fig. 8. CSCI feedback active filter topology with the source and load
impedances.

ICancel is the cancellation current injected by the active filter.
AT (s) is the current gain of the active filter.

For feedback control, the active filter’s gain AT (s) should
be big and with wide bandwidth. For feedforward control,
to achieve a good cancellation, the active filter’s gain AT (s)
should be as close to unity as possible. It has a strict require-
ment on the values of key components. Feedforward control
does not improve the unity-gain bandwidth of the active filter
over feedback control due to the fixed unity-gain bandwidth
of a given operational amplifier. Its improvement in the noise
attenuation at the passband is very much dependent on the
accuracy of the component values used in the design [1]. Due
to the flexibility of the feedback control, it is selected in this
paper.

C. DM Noise Model With Active Filter

A typical circuit of LISNs is shown in Fig. 7(a). Within
the concerned frequency range from 150 kHz to 30 MHz,
the impedance of 0.1- and 1-μF capacitors can be ignored,
so the DM impedance of LISNs in Figs. 1, 3, 4, and 6 can
be approximately modeled as a resistance RLISN = 100 � in
parallel with an inductance LLISN = 100 μH, as shown in
Fig. 7(b).

In Fig. 4, with the reduced passive EMI filter, the system’s
DM noise model, including the model of CSCI active filter
with feedback control, the DM noise model of the ac/dc boost
PFC converter and the DM model of LISNs, can be derived
in Fig. 8. In Fig. 8, IR is the noise current flowing through the
active filter’s equivalent load impedance ZGR = ZCRS||ZLISN.
The Norton equivalent impedance of the DM noise source
including the passive filter and the ac/dc converter is ZC =
ZLDMS + ZLDMCM + ZCDMS||ZLB.

In Fig. 8, the output of the active filter can be represented
with its Thevenin equivalent circuit as shown in Fig. 9.
In Fig. 9, Vout and Zout are Thevenin equivalent output voltage
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Fig. 9. CSCI feedback active filter topology implemented with an amplifier
and an injection network.

Fig. 10. Norton equivalent noise models of the boost PFC converter.
(a) Without active filter. (b) With the active filter.

and impedance of the active filter. ATV(s) is active filter’s
transfer-impedance and ATV(s) = Vout/IR . The impedance of
the injection network is Z inj.

D. Active Filter Insertion Gain

Based on Fig. 9, the DM noise models without and with
the active filter are shown in Fig. 10(a) and (b). In Fig. 10

ISN = IS × ZCDMS||ZLB

ZLDMS + ZLDMCM + ZCDMS||ZLB

is the Norton equivalent noise current source. In Fig. 10(a),
IRP is the current flowing through ZGR and IZC is the
current flowing through the Norton equivalent impedance ZC .
In Fig. 10(b), after the insertion of active filter, IR is the
current flowing through ZGR; IRB is the current before the
active filter’s current injection node (0-V reference) on the
top line and I'ZC is the current flowing through the Norton
equivalent impedance ZC . Vx is the voltage on the other line.

Based on Fig. 10(a), the current gain GOL(s) from ISN to
IRP without the active filter can be derived as

GOL(s) = IRP(s)

ISN(s)
= ZC

ZC + ZGR
. (1)

After the insertion of the active filter in Fig. 10(b), it is
found that, (ISN(s) − ICancel(s)) × GOL(s) = IR(s) and
Vx = −IR(s) × ZGR. Based on this, ICancel can be derived
as follows:

ICancel(s) = IR(s) × ATV(s) + IR(s) × ZGR

Zout + Z inj
. (2)

The closed-loop signal flow diagram for the model of
Fig. 10(b) can be derived based on these equations as shown
in Fig. 11.

Based on the signal flow diagram, the current gain GCL(s)
with the active filter can be derived as follows:

GCL(s) = IR(s)

ISN(s)
= GOL(s)

1 + GOL(s) × ATV (s)+ZGR

Zout+Zinj

. (3)

Fig. 11. Closed-loop signal flow diagram of the CSCI FB active filter.

Fig. 12. Active filter circuit block.

The insertion gain GIS(s), which is defined as the ratio
of the current flowing through ZGR with the active filter in
Fig. 10(b) to that without the active filter in Fig. 10(a), can be
derived as

GIS(s) = GCL(s)

GOL(s)
= IR(s)

IRP(s)
= 1

GOL(s)

× GOL(s)

1 + GOL(s) × ATV (s)+ZGR

Zout+Zinj

= 1

1 + GOL(s) × ATV (s)+ZGR

Zout+Zinj

. (4)

GIS(s) should be as small as possible. Because of this,
active filter’s gain ATV(s) should be big and with enough
bandwidth. GOL(s) should be also as close to unity as possible
to achieve small GIS(s). It means source impedance ZC should
be much larger than load impedance ZGR.

In Fig. 9, in the 150 kHz–30 MHz frequency range,
ZCDMS||ZLB is mostly determined by the capacitors
impedance ZCDMS and it is much smaller than ZLDMS +
ZLDMCM, therefore, ZC is mostly determined by ZLDMS +
ZLDMCM. Moreover, in Fig. 4, because DM capacitor CRS is
located between the active filter and the power grid/LISNs
to meet the impedance requirements above, ZGR is mostly
determined by the ZCRS. Therefore, the source and load
impedances meet the condition, ZC >> ZGR.

E. Filter Architecture

The circuit block of the active filter in Fig. 10(b) is shown
in Fig. 12. In Fig. 12, the CSCI active filter consists of CS
and HPF function block, amplifier block and injection network
block.

The CS and HPF function block consists of a CT and a
second-order HPF to sense current and reject undesired LF
current below the concerned EMI frequency range. The ampli-
fier block includes a preamplifier and a current amplifier to
have enough current injection capability. The current injection
network consists of an injection capacitor Cinj in series with
an injection resistor Rinj. It isolates the active filter from the
other high-voltage ac line, works as a HPF and stabilizes its
impedance at high frequencies.
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Fig. 13. CS and HPF. (a) Conventional CS method. (b) DM CS with CM current injection. (c) Model of CT with an HPF.

Fig. 14. Amplifier configuration. (a) Current series feedback. (b) Voltage series feedback. (c) Current parallel feedback. (d) Voltage parallel feedback.

F. Design of CT and HPF

1) DM Noise Current Sensing: The ac/dc converter also
generates CM noise which flows between the power line
and the ground. Conventional CT CS method is shown in
Fig. 13(a). CT senses both the CM and DM currents. If the
DM cancellation current is injected based on the sensed CM
current, the mixed mode noise current will be generated. It will
complicate the noise reduction so the sensed CM current
should be rejected. The CM current can be simply rejected
in CT with the sensing method in Fig. 13(b).

In Fig. 13(b), ac line 1 conducts current iDM + iCM and ac
line 2 conducts current −iDM +iCM. the ac line 1 goes through
the CT’s toroidal core so current iDM +iCM generates magnetic
flux inside the core. The ac line 2 also passes through the core
but in the reverse direction so that iDM–iCM generate magnetic
flux inside the core. As a result, the magnetic flux generated
by iCM is canceled and the magnetic flux generated by iDM
is doubled. Compared with conventional CS in Fig. 13(a),
the advantage of this DM CS method is: 1) it rejects undesired
CM noise and 2) the CT’s gain is increased by 6 dB.

2) Current Transformer Integrated With a High-Pass Filter:
A toroidal CT with a turn ratio 1:n is designed to sense the
DM current with the technique in Fig 13(b). The magnetizing
inductance of the secondary is LCT. The sensed current
includes both EMI noise component and line frequency current
component.

One of the biggest differences between the active filters of
an ac/dc converter and a dc/dc converter is the active filter
of an ac/dc converter should avoid injecting line frequency
current because the line frequency current is not the noise
current and it usually has large magnitude as it carries the
power of the ac/dc converter. Because of this, HPF should
attenuate line frequency current as well as its harmonics in
the sensed current to ensure that the active filter has a small
power loss due to the undesired LF current injection below

the EMI frequency range. The sensed EMI current below the
concerned frequency range should also be rejected to reduce
power loss if possible.

In Fig. 13(c), CHP is added between CT inductance LCT
and its load resistance RCT. LCT, CHP, and RCT is a HPF
with an I–V transfer function. If the input impedance of the
amplifier block is very high, the CT’s I–V transfer function
is therefore:

Vin(s)

IR(s)
=

2 ×
(

s
ωc

)2
RCT

n

1 + s
ωc Q +

(
s
ωc

)2 (5)

where

ωc = 1√
LCTCHP

and

Q = 1

RCT

√
LCT

CHP
.

The HPF introduces phase shift which may cause stability
issues for the active filter at the crossover frequencies. Hence,
ωc must be appropriately selected so the HPF has sufficient
phase and gain margin at the crossover frequencies and enough
attenuation to line frequency current components.

G. Design of Amplifier

1) Amplifier Feedback Configurations: The amplifier block
of Fig. 12 could be implemented with either current series
feedback, voltage series feedback, current parallel feedback,
and voltage parallel feedback configuration, and they are
shown in Fig. 14 with the injection network connected.

The amplifier of Fig. 14(a) is a current series feedback
amplifier which regulates the output current and has a high
input impedance. The amplifier in Fig. 14(b) is a voltage series

Authorized licensed use limited to: University of Florida. Downloaded on December 30,2020 at 04:37:38 UTC from IEEE Xplore.  Restrictions apply. 



582 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 7, NO. 1, MARCH 2019

Fig. 15. Open-loop OPAM equivalent circuit. (a) VFA. (b) CFA.

feedback amplifier which regulates the output voltage and has
a high input impedance. The amplifier in Fig. 14(c) is a current
parallel feedback amplifier which regulates the output current
and has a limited input impedance. The amplifier in Fig. 14(d)
is a voltage parallel feedback amplifier which regulates the
output voltage and has a limited input impedance. The output
voltage of the current feedback amplifier in Fig. 14(a) and (c)
may have a dc offset issue due to the unbalanced charge on the
capacitor Cinj in the injection network or load impedance. The
charge on the capacitor will build up and may finally saturate
the output and then the active filter cannot work properly. The
dc offsets also reduces the range of output voltage. The voltage
feedback amplifier in Fig. 14(b) and (d) regulates the output
voltage, so there is no output dc offset issue. In order to reduce
amplifier input impedance’s influence to the gain and corner
frequency of CS and HPF block, instead of using parallel
feedback amplifier, the voltage feedback amplifier should be
used. Although voltage feedback amplifier is used, it can still
inject cancellation currents as the output voltage is added
to the injection network and the load impedance. Based on
the analysis above, a voltage series feedback configuration is
selected for the amplifier.

2) Number of Preamplifier Stages: Multistage preamplifiers
can increase the open-loop gain of the amplifier. It leads
to an increased −3-dB bandwidth. However, the open-loop
gain of an operational amplifier usually has a single pole
within the concerned frequency range. As a result, one stage
preamplifier introduces −π /2 phase shift and m stage cascaded
preamplifiers introduce −mπ /2 phase shift. With more than
one stage preamplifiers, the AT (s) will have more phase shift
which will easily cause stability issues. As a comparison, CT
almost has no phase shift within the concerned frequency
range. Because of this, a single stage preamplifier is preferred.

3) Preamplifier Circuit Configurations: A operational
amplifier (OPAM) will be used in the preamplifier. OPAMs are
generally of two types: 1) voltage feedback OPAM (VFA) and
2) current feedback OPAM (CFA). The open-loop equivalent
circuits of VFA and CFA are shown in Fig. 15. GOP is
the open-loop gain of the VFA and Ridm, Cidm, and Zo are
the input resistance, the input capacitance, and the output
impedance, respectively. V + and V − are the input voltages in
the two input pins and VOP is the open-loop output voltage of
the amplifier. For CFA, Z(I ) is the transimpedance gain, G B

and Gout are unity gain buffers, Zo is the output impedance
and Z B is the small input impedance in the inverting pin.

For a VFA, its gain-bandwidth product is constant, so when
gain increases, the bandwidth will decrease. For a CFA, its
bandwidth is independent of its gain, so it can achieve a wider

Fig. 16. Amplifier circuit configuration.

bandwidth than a VFA [32], [33]. However, for the EMI with
a small passive filter in Fig. 5, LF EMI is a major concern, so
a very wide bandwidth is not the first priority in the selection
of OPAM.

For the amplifier with a voltage series feedback is shown
in Fig. 16, the feedback resistance RF will be designed and
compensated based on the stability and the desired loop gain
profile of the whole system which includes the active filter,
the passive filter, the converter and LISNs. However, for a
CFA, the value of RF strongly influences the stability and the
bandwidth of the OPAM [32], [33], so it has a limited range to
choose from and cannot be chosen freely. Furthermore, CFA
has output offset issue which is not desired as discussed in
Section III-G.1. On the other hand, the RF design for a VFA is
simpler than a CFA as its value can be selected in a wide range
without stability issues. The compensation can also be easily
added to RF to achieve the desired loop gain and stability for
the whole system without compromising the stability of the
OPAM as shown in Sections IV and V.

Because of the reasons above, a VFA is selected in this
paper for the active filter design. It does not mean CFA is
not a good choice for the active filter design. When a wide
bandwidth is a major concern, a CFA could be considered if
there is no stability issue. In this paper, a VFA, AD829 is
chosen which has a wide unity-gain bandwidth of 120 MHz
and high rail-to-rail voltage (±15 V) which is good for high
output voltage swing.

4) Current Amplifier Design: A class AB amplifier is used
in the output stage of the active filter to achieve higher current
injection capacity. A typical configuration is shown In Fig. 17.

The n-p-n and p-n-p transistors should have high bandwidth
so they do not reduce the active filter’s bandwidth for the
specified EMI frequency range. They should have enough
current injection capacity and have sufficient power ratings.
ZDT6753, an n-p-n–p-n-p complementary pair was chosen in
the design. The two transistors in ZDT6753 have very similar
features. It has a typical transition frequency (bandwidth)
of 175 MHz and hence does not have adverse effects in the
concerned EMI frequency range. Diodes D1 and D2 set the
bias voltage for two transistors. The design of biasing circuit
including the design of biasing current, biasing diodes and
biasing resistance RB1,2 = R′

B has been discussed in detail
in [1] so it will not be repeated here.

The emitter resistors RE1 and RE2 are used to solve thermal
runaway issue. In Fig. 17, the voltage drop of the two biasing
diodes is determined by characteristics of the diodes. Based on
the IBE–VBE characteristics of the transistors, the base current
IBE increases when the transistor temperature increases due
to conduction power loss. This causes the transistors to enter
linear region. As a result, there is more current flowing through
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Fig. 17. (a) Class AB amplifier with thermal runaway solution. (b) Final
active filter circuit.

two transistors and generating high conduction power loss.
This in turn further increases the device temperature until the
transistors are killed.

RE1 and RE2 provide a negative feedback to stabilize the BE
junction bias voltage. In the experiments, they were proved to
be a very efficient solution to thermal runaway issue. RE1 =
RE2 = RE can be designed based on

RE = VT ln ID IS
IC ISD

IC
(6)

where VT is the thermal voltage, ID is the diode current, ISD
is the diode saturation current, IC is the collector current, and
IS is the BE junction saturation current. The actual RE used
is 5 � which is smaller than the calculated 11 � through (6).

5) Transfer Function of the Amplifier: The final active filter
circuit is shown in Fig. 17 (b). The open-loop small signal
model of the amplifier without injection network connected
is shown in Fig. 18. Because transistor pair ZDT6753 has a
symmetric model structure and only one transistor conducts
current at the same time, only one transistor model is shown
in Fig. 18. In Fig. 18, the OPAM equivalent circuit is the same
as in Fig. 15(a) for a VFA. Based on AD829’s datasheet [30],
the open-loop output impedance Z0 can be derived and found
to be approximately 20 � [34]. The value of open-loop dc
gain GO as a function of load can also be found from the
datasheet. In Fig. 18, VB , VE , and VC are base, emitter, and
collector voltages, respectively. RB = RB1|| RB2 = R′

B/2.
RBE is base to emitter resistance. CBE is the base to emitter
capacitance. CBC is the base to collector capacitance. ro is the
output resistance of the transistor. gm is the transconductance.
The transistor’s current gain β = gm ZBE. Z ′

O is the open-
loop output impedance of the whole open-loop amplifier,
and V ′

OP is the open-loop output voltage. The transistor’s
model parameters can be procured from the datasheet and
the extraction through measurements under the dc bias of
VCC = 15 V with RB = RB1||RB2 = 2.3 k� and RE = 5 �.
The procured parameters are CBC = 30 pF, CBE = 300 pF,
RBE = 469 �, ro = 20.3 k�, gm = 0.32, and β = 150.

Based on Fig. 18, the open-loop voltage gain GOPC from
Vin to V ′

OP can be derived as

GOPC = V ′
OP

Vin
= K P × Go(

1 + s
ωOP1

) (
1 + s

ωOP2

) (
1 + s

ω′
PBC

) . (7)

Fig. 18. Open-loop small signal equivalent circuit of the amplifier block.

In (7), the poles ωOP1 and ωOP2 are OPAM’s open-loop
poles which can be derived from its datasheet. The frequencies
of these two poles are,

fOP1 = 1

2πωOP1
= 10 kHz

and

fOP2 = 1

2πωOP2
= 35 MHz.

The pole ω′
PBC is generated by the class AB amplifier.

In (8)

K P = RP

Zo + RP
, ω′

PBC = ωPBC ×
(

1 + RP

Zo

)

ωPBC = 1

CBC × RP

and

1

RP
= 1

ro (β + 1)
+ 1

RB
.

Z ′
O can be derived as

Z ′
O = RE + (Z ZoCBC + ZBE) × ro

(β + 1) × ro + Z ZoCBC + ZBE
(8)

where Z ZoCBC = Zo||RB ||(1/sCBC) and ZBE =
RBE||(1/sCBE). Because (Z ZoCBC + ZBE) << r0, Z ′

O
can be approximately calculated as

Z ′
O ≈ RE + (Ro + RBE)

(β + 1)
≈ 8.2�.

Based on (7), the closed-loop voltage gain AVA from Vin to
Vout in Fig. 17(b) when the injection network is not connected
can be derived as

AVA = Vout

Vin
=

GOPC
Z ′

o

1
Z ′

o
+ 1

RG+RF
+ RG

RG+RF
× GOPC

Z ′
o

. (9)

From Fig. 22, the Thevenin equivalent output impedance,
Zout of the amplifier block can be derived as [31]

Zout = Z ′
o(

1 +
(

RG
RG+RF

)
GOPC

) . (10)
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H. Design of Current Injection Network

The current injection network in Fig. 17(b) consists of an
injection capacitor Cinj in series with a small resistor Rinj.
The injection network has three functions: 1) Cinj is needed
for the isolation of the active filter from high-voltage ac line;
2) Cinj and Rinj also generate a first order high-pass filter to
further reduce the undesired injection currents at the frequen-
cies below the specified frequency range in EMI standards;
and 3) Rinj limits the injection current spikes and stabilizes
HF impedance.

The load impedance of the class AB amplifier is the
impedance of the injection network in series with the
impedance between two power lines: ZGR||ZC , as shown
in Figs 9 and 10. Hence, load impedance, Z load = Z inj +
ZGR||ZC . Due to the small impedance of CRS in ZGR within
the concerned frequency range, the load impedance of the
class AB amplifier is mostly determined by the injection
network if the injection network is properly designed. Hence,
Z load ≈ Z inj = Rinj + (1/sCinj) and the injected cancellation
current ICancel

ICancel ≈ Vout

Z inj
= Vout × sCinj

1 + s
ωinj

(11)

where ωinj = 1/(RinjCinj). Due to the zero at the origin in (11),
the current ICancel increases as frequency increases up to
the corner frequency ωinj. Z inj will be capacitive until ωinj.
The capacitive Z inj introduces −90° phase shift which can
cause stability issue which will be discussed later. In EMI
spectrum, because the highest DM noise spikes are usually
at low frequencies as shown in Fig. 5, the ICancel should be
maximized close to the first DM noise spike at the beginning
of the concerned frequency range. ωinj should therefore be
close to the first DM noise spike so the maximum injection
current gain can be achieved for the highest DM noise spike.
Moreover, Rinj introduces power loss and reduces current gain
at HFs, so it should not be too large. Cinj can therefore be
found based on ωinj and Rinj.

I. Active Filter Transfer Function

Based on the derived transfer functions for the CS-HPF
block and amplifier block, from Fig. 17(b), the transfer
function from the sensed noise current IR to the Thevenin
equivalent output voltage Vout of the active filter can be derived
as follows:

ATV(s)

= Vout(s)

IR(s)
= Vin(s)

IR(s)
× Vout(s)

Vin(s)
= Vin(s)

IR(s)
× AVA(s)

=
2 ×

(
s

ωHP

)2
RCT

n

1 + s
ωHP Q +

(
s

ωHP

)2 ×
GOPC

Z ′
o

1
Z ′

o
+ 1

RG+RF
+ RG

RG+RF
× GOPC

Z ′
o

.

(12)

ATV(s), Zout, Z inj, ZC , and ZGR have been derived in this
section. Based on the signal flow diagram of Fig. 11, the loop
gain of the active filter can be derived, so active filter’s stability
can be analyzed and the compensation can be designed to
ensure stability.

Fig. 19. Simplified signal flow diagram.

IV. ACTIVE FILTER STABILITY ANALYSIS AND

COMPENSATION

A. Loop Gain of the Active Filter

In Fig. 11, to derive the loop gain of the active filter, one
of the feedback paths ZGR/(Zout + Z inj) should be combined
with the forward path because it is due to the circuit con-
nection instead of the action of the active filter. Based on the
derivations in Section III, Fig. 11 can be simplified to Fig. 19.
ICancelM(s) is an intermediate signal used in the derivation.

In Fig. 19, forward gain GFW(s) and feedback gain GFB(s)
are

GFW(s) =
ZC

ZC +ZGR

1 + ZC
ZC+ZGR

× ZGR
Zout+Zinj

(13)

GFB(s) = ATV

Zout + Z inj
. (14)

The loop gain TFB(s) can be derived by multiplying the
forward path gain and feedback path gain as

TFB(s) =
ZC

ZC +ZGR

1 + ZC
ZC+ZGR

× ZGR
Zout+Zinj

× ATV(s)

Zout + Z inj
. (15)

B. Loop Gain Measurement and Stability

To validate the loop gain predicted by (15), the S-parameters
S11, S12, S21, and S22 were measured using a network analyzer,
Copper Mountain Planar 808/1, and converted to loop gain
using the method described in [23]. The measurement was
conducted by breaking the feedback loop between the output
of HPF (port 2) and the input of amplifier (port 1) and using
voltage injection method shown in Fig. 20. V1 is the injected
signal to Port 1 from the network analyzer and the response
from Port 2 was measured by the network analyzer. During
the loop gain measurement, based on the superposition theory,
the ac/dc converter was connected and the MOSFET MB was
shorted but the ac power was shut OFF, so the noise source IS

can be removed as shown in Fig. 20.
For the parameters of CT and HPF, LCT = 0.23 mH,

CHP = 10 μF, and RCT = 30 �. The corner frequency of
HPF is fc = (ωc/2π) = (1/2π

√
LCTCHP) ≈ 3.36 kHz. The

CT was made with a J material toroidal core from Magnetic
company. The characteristics of the core will be discussed in
Section V for size comparison. For the amplifier, RG = 100 �,
RF = 1000 �, RB1 and RB2 are 4.7 k�, and the biasing diodes
D1 and D2 are 1N4148 high speed signal diodes. Both RE1and
RE2 are 5-� resistors. The value of injection capacitor, Cinj =
0.2 μF and the injection resistor, Rinj = 2.5 �, with a corner
frequency, finj = (ωinj/2π) = (1/2πCinj Rinj) ≈ 318 kHz. For
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Fig. 20. Loop Gain measurement with voltage injection by breaking the
feedback loop.

Fig. 21. Comparison of measured and calculated loop gains for the
uncompensated active filter (unstable scenario).

the converter, the measured DM inductor impedance ZLDMS
is, LDMS = 71 μH, with parasitic resistance, RLDMS =
5.42 k�, and parasitic capacitance, CLDMS = 6.1 pF in
parallel. The measured DM impedance, ZLDMCM of the CM
inductor is, LDMCM = 23.6 μH, with parasitic resistance,
RLDMCM = 3 k�, and parasitic capacitance, CLDMCM =
0.28 nF in parallel. The impedance of the boost inductor, Z B

is L B = 327 μH, with parasitic resistance, RLB = 2.97 k�,
and parasitic capacitance, CLB = 9.44 nF in parallel. The two
passive capacitors are, CDMS = 0.2 μF and CRS = 0.2 μF.
They have very small parasitic inductance and resistance.
LISN’s impedance was described before.

In Fig. 21, the measured loop gain is compared with the
one calculated using (15). They match well from 100 kHz
to 30 MHz. Because the lowest frequency which the network
analyzer can measure is 100 kHz, the measured loop gain is
from 100 kHz to 30 MHz while the calculated loop gain is
from 10 kHz to 30 MHz. In Fig. 21, there are two unstable
frequency ranges, the first one is between 30 and 50 kHz and
the other one is between 10 and 20 MHz. They should be
compensated to achieve stability.

C. Analysis of Instability and Compensation
Design (Below 100 kHz)

In Fig. 20, ZCDMS and ZLBare in parallel. The corner
frequency of the boost inductor, L B = 324 μH and DM
capacitor, CDMS = 0.22 μF is around 19 kHz. Hence, for the

Fig. 22. Loop gain measurement setup with LF damping and
HF compensation.

30 to 50 kHz frequency range, ZCDMS||ZLB is approximately
determined by the capacitors impedance ZCDMS. In the grid
side, ZGR is approximately determined by the small impedance
of the capacitor ZCRS. In the active filter, the CS-HPF block’s
corner frequency fc is much lower and the injection network’s
pole frequency finj is much higher than this frequency range.
The amplifier’s closed loop poles, which will be discussed
later, inside ATV are also at much higher frequencies than this
frequency range. Hence, in this frequency range, TFB(s) can
be approximated as

TFB(s) = ATV(s) × sCRS

(KC + 1)
×

1 +
(

s
ωDM

)2

1 +
(

s
ωGOLP

)2 (16)

where KC = (CRS + CDMS/Cinj), the double zero is at

fDM = ωDM

2π
= 1

2π
√

(LDMS + LDMCM) CDMS
≈ 36.5 kHz

(17)

and double pole is

fGOLP = ωGOLP

2π
=

√
(KC + 1)ωDMωDMCR

2π
√(

KCω2
DM + ω2

DMCR

) (18)

where

ωDMCR = 1√
(LDMS + LDMCM) × (CDMS||CRS)

so fGOLP ≈ 44.4 kHz. In (17), the two undamped resonances
at fDM and fGOLP, caused by LDMS + LDMCM, CDMS, and
CRS introduce a stability issue from 30 to 50 kHz in Fig. 26.
To damp these resonances, a resistor RCDMS = 5 � is added to
be in series with CDMS, and a resistor RCRS = 1 � is added
to be in series with CRS, as shown in Fig. 22. As CDMS is
present in both ωDM and ωGOLP, in (16), RCDMS can damp
both the double poles and double zeros.

D. Analysis of Instability and Compensation
Design (Above 100 kHz)

The amplifier’s gain AVA(s) in (9) is a factor of active filter
transfer function ATV(s) in (12). ATV(s) is a factor of the
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Fig. 23. Comparison of measured and calculated loop gain after damping
and compensation.

loop gain TFB(s) in (12). Because of this, AVA(s) strongly
influences the stability of the system. By compensating iVA(s),
the loop gain can be compensated. Based on (7) and (8),
ignoring poles or zeros above 30 MHz beyond the concerned
frequency range, the AVA(s) in (9) can be approximately
simplified to (19)

AVA ≈ ANI

1 + s
QωUC

+
(

s
ωUC

)2 (19)

where

ωUC =
√

GoωOP1ωOP2

ANI
, QωUC = GoωOP1

ANI

and the noninverting amplifier gain ANI = 1+(RF/RG). With
the parameters in this paper, fUC = (ωUC/2π) ≈ 15 MHz.
This double pole introduces an abrupt −180° change. Because
there are parasitic poles which are not included in (19) above
30 MHz from the amplifier, the phase margin of the loop gain
is negative at the crossover frequency in Fig. 21. If this double
pole is split to two far-away separate single poles, the phase
will change slowly across several decades, and enough phase
margin could be achieved.

By paralleling a small capacitor CF with the feedback
resistor RF as shown in Fig. 22, the double pole can be split
to two separate single poles. AVA can now be approximately
represented as

AVA ≈
ANI

(
1 + s

ωCZ

)

(1 + s
ωCP1

)(1 + s
ωCP2

)(1 + s
ωCP3

)
(20)

where

ωCZ = ωPF ANI, ωPF = 1

RF CF

ωCP1 = 1
ANI

GoωOP1
+ 1

ωPF

, ωCP2 = ωOP2

(
1 + GoωOP1

ANIωPF

)
.

ωCP3 is very close to ωCZ so they cancel each other. With
CF = 30 pF, the double pole is split to,

fCP1 = ωCP1

2π
≈ 2.9MHz

Fig. 24. Comparison of measured and calculated insertion gain for the
compensated stable active filter.

and

fCP2 = ωCP2

2π
≈ 74MHz.

The calculated and measured loop gains after damping and
AVA compensation are shown in Fig. 23. In Fig. 23, the
stability is achieved in both LF and HF range with at least
40° phase margin.

It should be pointed out that, from the loop gains in
Figs. 21 and 23, the loop gains have stability issues without
compensation. After compensation they just have sufficient
phase margins. If the loop gain is increased further, the stabil-
ity of the active filter may not be maintained even with heavy
compensation. Hence, the gain of the active filter was designed
not only to reduce the passive filter size by half but also to
have the maximum stable gain at both LF and HF.

V. EXPERIMENTAL RESULTS

A. Insertion Gain Measurement and Comparison

After the damping and compensation, the insertion gain of
the active filter was measured based on the method in [23].
The insertion gain of the active filter is defined as the ratio
of the noise voltage on LISNs with to that without the
active filter. The S-parameters of the active filter is measured
with the ZGR and ZC in Fig. 10(b) replaced with the two
ports of the network analyzer based on 50-� source and
50-� load impedance. Then based on Fig. 10(b), the mea-
sured S-parameters were converted to insertion gain with the
noise source impedance ZC and load impedance ZGR [23].
In Fig. 24, the measured and calculated insertion gains based
on (4) are compared. They match well below 10 MHz and
have small difference between 10 and 30 MHz. It should be
pointed out that the insertion gain is defined as the ratio of
the current flowing through ZGR with the active filter to that
without the active filter and it is different from transfer gain,
so the phase in Fig. 24 has no physical meaning for the active
filter. The phase curves are compared in Fig. 24 for validation
purpose only. Also, because the DM active filter injects the
cancellation currents between two ac lines which are balanced
by the DM capacitors, the CM noise will not be influenced
by the DM active filter as the CM noise flows between two
power lines and the ground.
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Fig. 25. DM noise spectrum Measurement with ac source, ac/dc converter,
and a hybrid EMI filter.

B. EMI Spectrum Measurements With the AC/DC Boost
Power Factor Correction Converter

The DM noise measurement setup is shown on Fig. 25 with
a Boost PFC converter as a noise source. A DM noise
separator [28] is connected to the output of the LISNs for
DM noise measurement. The spectrum analyzer used in the
experiment is a Tektronix RSA306. The switching frequency
of the PFC converter is 120 kHz with a 120-V ac input and
380-V dc ouput. The compensation design and the calculated
insertion gain will be validated via experiments. The EMI
measurement results will show the designed active filter can
meet the CISPR-22 standard.

To validate the identified unstable scenarios of Fig. 21, in the
first experiment, the damping resistors, RCRS and RCDMS and
the compensation capacitor CF , are not used and the DM noise
spectra without and with the active filter is shown in Fig. 26(a).
Second, RCRS, RCDMS, and CF were added back and the DM
noise spectrum was measured and shown in Fig. 26(b). The
load is 150 W in both cases to validate the predicted stability.
In Fig. 26(a), there is a small bump in the LF range around
30–50 kHz and a big bump in the HF range between 10 and
20 MHz as predicted by the loop gain in Fig. 21. In Fig. 26,
the noise reduction is also much less than that expected from
the insertion gain of Fig. 24 because the active filter is not
functioning properly due to instability. Whereas, after damping
and compensation, in the measured spectrum of Fig. 26(b),
the noise bumps are eliminated and the active filter achieved
the expected attenuation as predicted by the insertion gain
in Fig. 24.

Finally, the load of boost PFC converter was increased to
350 W. The bare EMI noise without any passive or active
filters, the EMI with a baseline passive filter and the EMI with
a small passive filter were measured in Fig. 5. The baseline
filter can meet the EMI standard CISPR-22 quasi-peak (QP)
limit. In this measurement, the EMI with the small passive
filter and the active filter (hybrid filter) was measured and
compared within Fig. 27. In Fig. 27(a), the hybrid filter can
meet the CISPR-22 QP limit with the passive filter reduced
by half from the baseline filter. In Fig. 27(a), with the small
passive filter, several low-order switching harmonics are over

the limit. With the hybrid filter all the EMI harmonics are
within the limit and it also has the desired EMI reduction
margin at 240 kHz as designed. A comparison between the
EMI with baseline passive filter and hybrid filter was made
in Fig. 27(b). In Fig. 27(b), the hybrid filter performance
is as good as the big baseline passive filter. It is shown in
Figs. 26 and 27 that the active filter’s compensation and
attenuation work well at both 150 W and 350 W load con-
ditions. From Figs. 26 and 27, the 120-kHz switching noise
is always dominant no matter with or without the active filter
because 120 kHz is outside of the concerned frequency range
and not supposed to be significantly reduced by the active
filter. Because of this, no matter with or without the active
filter, the noise currents flowing through the LISNs are always
dominant by high 60-Hz line current and 120-kHz switching
noise current.

C. Passive Filter Size Reduction

The pole fc of CT and HPF was designed to be much
lower than the low crossover frequency, around 30 kHz from
Fig. 21, of the loop gain so that the phase is much lower than
180° at the crossover to avoid stability issues. The magnetic
core part number used for CT design is ZJ42106TC from
Magnetics company. It has an AL = 2800 ± 20% nH/Turns2.
The secondary winding has 10 turns and the wire is 24 AWG.
The inductance LCT = 0.23 mH. The DM inductors LDM and
LDMS were made with Kool-μ core from Magnetics company.
The core part number for LDM is 0077258A7 and for LDMS
it is 0077934A7. AWG 18 wire is used for both of them.
LDM has 43 turns and its inductance is 140 μH. LDMS has
30 turns it its inductance is 71 μH. The passive filter DM
capacitors and the injection capacitor Cinj are film capacitors
from KEMET, rated at 275-V ac. Also, LDMCM is 23.6 μH
as given previously.

The amplifier of the active filter will be integrated as an IC
and soldered on the bottom of the printed circuit board (PCB).
Also, apart from the CT and the injection capacitor, all other
passive components have low voltage and current ratings so it
is possible to integrate them with the PCB of the original ac/dc
converter. Because of these, the active filter will not contribute
the converter volume significantly. In Table I, a comparison
of the volumes in mm3 of the key components in the baseline
DM filter and the hybrid DM filter designed in this paper was
made. From Table I, the hybrid filter of Fig. 25, can reduce
the size of the baseline passive filter of Fig. 3, by around half.
Fig. 28 shows the DM filter component size comparison in
the experiments.

The amplifier of the active filter will be integrated as an IC
and soldered on the bottom of the PCB. Also, apart from the
CT and the injection capacitor, all other passive components
have low voltage and current ratings so it is possible to
integrate them with the PCB of the original ac/dc converter.
Because of these, the active filter will not contribute the
converter volume significantly. In Table I, a comparison of
the volumes in mm3 of the key components in the baseline
DM filter and the hybrid DM filter designed in this paper was
made. From Table I, the hybrid filter of Fig. 25, can reduce

Authorized licensed use limited to: University of Florida. Downloaded on December 30,2020 at 04:37:38 UTC from IEEE Xplore.  Restrictions apply. 



588 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 7, NO. 1, MARCH 2019

Fig. 26. DM noise Spectrum Comparison (PFC converter load 150 W) without and with the FB active filter. (a) Uncompensated unstable case. (b) Compensated
stable case.

Fig. 27. DM EMI noise reduction comparison (PFC converter load 350 W). (a) Bare noise, with the small passive filter and with the hybrid filter. (b) Bare
noise, with the baseline passive filter and with the hybrid filter.

Fig. 28. Comparison of DM filter component size with and without an active
filter. (a) Without an active filter. (b) With an active filter.

the size of the baseline passive filter of Fig. 3, by around half.
Fig. 28 shows the DM filter component size comparison in
the experiments.

D. Power Dissipation

One of the big power loss contributors is 60-Hz line
frequency current leaked from the injection network. For this
design, Cinj is 0.2 μF, so the 60-Hz leakage current is around
9 mA. Because RE and Rinj are small, the most significant

TABLE I

COMPARISON OF THE VOLUME OF THE KEY COMPONENTS OF THE

BASELINE DM FILTER AND THE DESIGNED HYBRID DM FILTER

power loss is on the transistors in class AB amplifier. It is
approximately 9 mA × 15 V = 135 mW.

Also, in Fig. 27, with only the small passive filter, the
120-kHz noise current is the highest at 112 dBμV and it was
reduced by 30 dB or 97% after the cancellation current is
injected by the active filter, so the 120-kHz current flowing
through the class AB amplifier should be almost equal to the
sensed 120-kHz current by CT. The 240-kHz current is 35 dB
smaller than 120 kHz, so the power loss generated by 240-kHz
cancellation current can be ignored. The power loss generated
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Fig. 29. Efficiency comparison of the ac/dc converter without/with the active
filter.

by higher order harmonics can also be ignored since their
magnitudes are even smaller than 240-kHz noise. Based on
Fig. 8, when 120-kHz noise current has a 112-dBμV voltage
on one LISN, the current IR is calculated as 123 mA. So,
the power loss due to 120-kHz cancellation current is 123 mA
× 15 V = 1.85 W. The PFC converter’s DM current ripple
does not change much due to the control strategy of the PFC
used in the experiments, so the active filter’s power loss is
close to 2 W at different PFC loads. If the DM noise changes
much when the PFC load changes, the power loss of the active
filter should be estimated correspondingly. The power loss on
auxiliary power supply is around 0.3 W. And the power loss
on other small signal components is small. So, the total power
dissipation in the active filter is found to be around 2.3 W
which is only 0.66% of PFC converter’s full power 350 W. The
final measured power loss agrees with the estimated. Efficiency
comparison of the ac/dc converter without/with the active
filter is given in Fig. 29. Also, surge or transient suppression
components should be designed between the ac power line and
the active filter to make sure the filter and PFC will not be
damaged in electromagnetic sensitivity tests.

VI. CONCLUSION

In this paper, a methodology for the analysis and design
of the active filter within a hybrid DM EMI filter on the
ac side of a boost PFC ac/dc converter has been presented.
While most of the existing literatures focus on the analysis
and design of either CM active filters or the DM active filters
on the dc side, this paper focuses on a more challenging DM
active filter design on the ac side. This paper developed a
technique to design and model the active filter. Based on
the developed model, the compensation is made to achieve
stability. The developed technique and model are validated in
both simulations and experiments.
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