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Abstract—In this paper, the active differential-mode (DM) elec-
tromagnetic interference (EMI) filter topology for ac/dc converters
is first briefly investigated. The active DM EMI filter model was
developed based on the models of filter components including a
current transformer, a high-pass filter, an operational amplifier,
and a class AB amplifier. The system model including the active
filter, ac/dc converter, and line impedance stabilization networks
(LISNs) are explored. With the developed system model, the loop
gain and insertion gain of the active filter are derived. Based on
the loop gain, the stability of the active filter is investigated and the
compensation is applied to achieve stability and good EMI reduc-
tion. Both simulations and experiments are conducted to validate
the developed technique.

Index Terms—AC/DC converter, differential-mode (DM) active
filter, electromagnetic interference (EMI), stability.

I. INTRODUCTION

E LECTROMAGNETIC Interference (EMI) is a big prob-
lem for power electronic circuits in modern days [1].

Switching-mode power conversion systems [2]–[5] are widely
and increasingly used in various applications and are among
major sources of EMI [4], [5]. The switching-mode power con-
version systems employ pulse width modulation techniques with
high switching frequencies and generate significant conducted
EMI noise [4], [5]. The noise flowing between the power con-
version systems and ground is usually called the common-mode
(CM) noise and the noise flowing between two power carrying
paths is called differential-mode (DM) noise [4], [5]. Differ-
ent EMI regulations were developed to limit the emission from
the power electronic circuits [1], [4]. These standards define
the frequency range and the maximum magnitude of the EMI
noise that is permissible. To combat the EMI issue and comply
with the EMI standards, EMI filters are used. The commonly
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used filters are passive filters that constitute big inductors and
capacitors [5].

Since the DM/CM inductors of the passive filter must carry
the full-load current and the DM/CM capacitors may need to
withstand high voltages, the passive filters can be very big and
heavy [6]. In some applications, the passive EMI filters can take
up to half of the size of the systems [5]. In order to reduce the
size and weight of the EMI filters, hybrid EMI filters (HEF)
that include an active filter and a small passive filter has been
discussed in literatures [5]–[23].

In the HEF, the active EMI filter is designed for low-frequency
(LF) noise reduction and the passive filter is designed for high-
frequency (HF) noise reduction. Because of this, the passive
filter’s corner frequency can be increased and the size and weight
can be greatly reduced [5]–[8]. At the same time, the HEF could
achieve a good HF performance because the passive filter, which
operates in the HF range, has small parasitic parameters [16].

However, most of the active and hybrid filter techniques, as
found in the available literature, are either for dc/dc converters
or for the EMI suppression on the dc side of dc/ac inverters [11],
[12], [16], [20]. Moreover, almost all the HEF designs dealt with
CM noise only [5], [6], [8]–[10], [16] and few papers dealt with
DM noise [7], [17]–[21]. In [24], a general guideline is presented
for passive DM EMI filter design. In [25] and [26], input passive
DM EMI filter design method is presented after analyzing the
worst EMI spectrum for a boost power factor correction (PFC)
ac/dc converter. These papers give insights on passive DM EMI
filter design for ac/dc converters. But, there are very few papers
to address DM active EMI filters in the applications of ac/dc con-
verters [18], [21], [22]. The active DM filter design on ac side
is more challenging than the active DM filter design on dc side
mostly because of stability issues [21], [22]. In [21] and [35], a
topology has been developed to apply active filtering to the util-
ity interface of a switching power supply. With their proposed
topology, the difficulties involved in appropriately compensat-
ing a filter for a switching frequency of 75 kHz with substantial
midband gain, as well as sufficiently low gain at the frequencies
of the power line current, were shown impossible to overcome.
However, it was shown in analysis and simulation that, with
their topology, those difficulties can be solved at higher switch-
ing frequency of 450 kHz, when the band is wide enough to
accommodate the LF roll off of the loop gain. In those works,
for a selected topology, general analysis has been applied to

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

https://orcid.org/0000-0003-0754-525X
https://orcid.org/0000-0002-1827-4355


10278 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 12, DECEMBER 2018

check the viability of an active filter for low and high switching
frequencies. However, detailed modeling of an active DM EMI
filter was not done. Until now, a good modeling technique of an
active DM EMI filter for ac/dc converters with quantitative anal-
ysis of stability and compensation design and successful hard-
ware implementation results with a practical ac/dc converter has
not been found in the available literatures. Hence, a good active
filter modeling technique is needed to help understand the active
filter system and to overcome all those issues.

In this paper, a hybrid DM EMI filter topology is presented for
ac/dc converters. The passive filter topology that can improve
the active filter’s HF performance is first discussed. Second, the
models of a current transformer (CT), an operational amplifier
(OPAM), and a class AB amplifier are developed. The whole
active filter’s model is developed based on these models. Next,
a system model, including the DM EMI noise model of an
ac/dc converter, the model of an active DM EMI filter, and
the model of line impedance stabilization networks (LISNs),
has been developed. Based on the developed system model,
the loop gain and insertion gains are derived for the active filter.
The stability of the active filter is analyzed and the active filter is
compensated to achieve both stability and good EMI reduction.
The proposed technique has been theoretically analyzed and
experimentally validated. Hence, in this paper, an active EMI
filter model and compensation technique for DM noise of ac/dc
converters will be developed. Almost all the available papers
deal with CM noise, or DM noise in dc/dc converters, hence,
the application of the model proposed in this paper is different.
The specific contributions will be discussed in different sections
in detail.

II. ACTIVE DM EMI FILTER TOPOLOGY FOR

AC/DC CONVERTERS

The active filter can be implemented either in feedback or
feedforward configuration. In feedforward configuration, the
unity gain of the active filter depends on the accuracy of filter
component values [5], so it may not be convenient to achieve
a good attenuation for mass production. Hence, in this paper,
only feedback configuration will be analyzed. The analysis of
feedforward is similar to the process developed in this paper.

There can be four different topologies of feedback active fil-
ters depending on what is sensed and what is injected [5]. A
feedback active filter can sense either voltage or current and it
can inject either voltage or current. A voltage injection active
filter needs one voltage transformer for voltage injection. The
voltage transformer is generally big due to the fact that full line
currents must flow through one of its windings and its magne-
tizing inductance must be high enough to reduce magnetizing
currents because the magnetizing currents lead to extra power
loss in active filters. Because of these, voltage injection is not
preferred. For the noise sensing, current sensing is preferred over
voltage sensing in this paper, as it is convenient to separate DM
noise currents from CM currents using a current transformer
(CT); on the other hand, the voltage sensing needs to separate
DM noise voltages from CM voltages.

Fig. 1. Feedback hybrid DM filter topology for an ac/dc converter with LISNs
connected between the ac source and the ac/dc converter.

Fig. 2. Preferred hybrid current injection EMI filter topology.

Fig. 3. Active filter circuit under investigation.

Based on the above-mentioned analysis, the feedback hybrid
DM filter topology to be investigated is shown in Fig. 1. For
current injection, a big noise source impedance Zdm and a small
load impedance Zr are preferred for the active filter [5]. If this
impedance condition does not meet, a series inductor should be
added between the active filter and the ac/dc converter, and a
shunt capacitor should be added between the active filter and
the ac sources or LISNs (shown in Fig. 2).

The circuit of the active filter in Figs. 1 and 2 is shown
in Fig. 3. In Fig. 3, the current sensing and current injection
active filter consists of a current sensing and high-pass filter
(HPF) function block, a voltage amplifier function block, and
an injection network block.

A CT is used to sense noise currents and a second-order HPF,
which is composed of LCT, CHP, and RCT, is used to reject the
sensed LF currents, including line-frequency currents, below
the concerned frequency ranges in EMI standards. The HPF is
necessary as the active filter should not inject the cancelation
currents to cancel the LF currents, otherwise high power loss
will be generated in the active filter. This is especially true
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for the line-frequency currents because they usually have large
magnitude as they carry the power currents.

The voltage amplifier includes an OPAM and a class AB
current amplifier. ZF and ZG have a voltage feedback, which
determines the gain and phase of the amplifier for stable op-
eration. RB 1 , RB 2 ,D1 , and D2 are the dc bias circuit of the
class AB amplifier. RE 1 and RE 2 are the emitter resistance for
negative thermal feedback to solve class AB amplifier’s thermal
runaway issue.

The current injection network consists of an injection capac-
itor, Cinj and an injection resistor Rinj. It has the following three
functions:

1) Cinj is needed for the isolation of the active filter from
high-voltage ac input;

2) Cinj and Rinj also generate a first-order HPF to further re-
duce the undesired injection currents below the concerned
frequency range in EMI standards; and

3) at frequencies higher than the corner frequency of the HPF,
Rinj helps to keep a constant impedance for the injection
network.

The active filter model will be developed in Section III, and
its loop gain and insertion gain in feedback configuration will
be derived in Section IV. In Section V, the active filter’s sta-
bility will be discussed based on the derived loop gain and
compensation will be applied to achieve stability and good EMI
reduction. Experiments will be conducted to validate the devel-
oped techniques in this paper. Finally, conclusion is presented
in Section VI.

III. DEVELOP THE ACTIVE FILTER MODEL

In this section, the models of critical components in the active
filter will be developed and verified. These critical components
include the CT and the HPF, the OPAM, and the class AB
amplifier.

A. CT and HPF Model

Moreover, the active filter for ac/dc converters must have HPF
to reject the LF line currents, but this introduces stability issues.
In [21], an inductor has been used in the noise sensing part as
a simple HPF. But, it did not have a control over the corner
frequency of the HPF and tried to solve the stability issue at
the LF crossover of loop gain by using a compensation network
with the amplifier. Hence, when the switching frequency was
low, Farkas and Schlecht [21] could not solve the stability issue
while trying to maintain substantial midband gain, as well as
sufficiently low gain at the frequencies of the power line current.
In this paper, the corner frequency of the HPF can be designed
based on the parameters of CT and the HPF capacitor. Hence,
the corner frequency can be designed to achieve enough phase
margin of the loop gain at LF crossover.

The CT and HPF are included in the model of the active filter.
Based on the active filter model, the CT and HPF block can
be designed to ensure LF stability. Only stability issues at HF
crossover needs to be compensated by the OPAM.

The CT under investigation in Fig. 4(a) has a turn ratio of
1 :n, where n = 10. The CT can be modeled as a current source

Fig. 4. CT model: (a) CT under investigation, (b) CT model with CHP and
RCT referred to secondary, and (c) simplified CT model with CHP and RCT.

Fig. 5. Magnitude and phase of the measured impedance.

Isec in parallel with an LRC network, as shown in Fig. 4(b)
[16]. Isec is the reflected noise current from the primary wind-
ing and it is equal to Ira/n, where Ira is the noise current in
the primary winding. LCT is the magnetizing inductance of the
CT. RC represents the core loss and Cs represents the wind-
ing capacitance. They can be extracted through the measured
secondary winding impedance of the CT. The magnitude and
phase of the measured impedance, ZCT from 50 Hz to 30 MHz,
are shown in Fig. 5. From the impedance curve of ZCT in
Fig. 5, at the low frequencies, where the phase is 90°, LCT

can be approximately found from ZCT = 2πf × LCT. At the
corner frequency, when the phase of the impedance is zero,
fc = 1

2π
√

LC T Cs
. Hence, Cs can be calculated from this equa-

tion. At this resonance frequency, ZCT = Rc . Hence, based on
the measured impedance curves, for the first-order approxima-
tion, LCT = 1.96 mH, RC = 2.8 kΩ, and Cs = 26.375 pF. The
output of the CT is connected to high-pass capacitor CHP =
1.1 μF and load resistor RCT = 30 Ω.

At first, leakage inductance Lleak and parasitic resistance of
the CT secondary inductance RC and parasitic capacitance Cs

were included in the model. Later it was found that in the con-
cerned frequency range, CT can be modeled with a simpler
model, as shown in Fig. 4(c), as the impedances of RC and
Cs are much larger than the impedances of LCT below HPF’s
corner frequency fHP = 3.4 kHz, which is determined by LCT

and CHP, and much larger than the impedance of CHP and RCT

from 100 kHz to 30 MHz. For the CT, the secondary leakage
inductance has been measured as Lleak ≈ 0.4 μH, and in the
concerned frequency range, its impedance is small compared to
RCT. Hence, it was ignored in the model.

The measured impedance in Fig. 5 shows that as the phase
is close to zero at the high frequencies, because of the power
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Fig. 6. Comparison of the transfer gains derived from the models in Fig. 4(b)
and (c).

Fig. 7. Comparison of CT’s transfer gains derived from measured
S-parameters and the simplified CT model.

loss in the core, the impedance is still high. Hence, even though
the permeability of the CT core is reduced, most of the current
still flows to CT’s load impedance ZCHP + RCT, which is much
smaller than the CTs impedance and the reduced permeability
does not affect the sensed current (which is validated in the
measurement in Fig. 7).

The transfer gain from the current Ira on CT’s primary wind-
ing to the output voltage Vin on CT’s load RCT is given by the
following equation:

Vin(s)
Ira(s)

=

(
s

ωH P

)2
RC T

n

1 + s
ωH P Q +

(
s

ωH P

)2 (1)

where ωHP = 1√
LC T CH P

and Q = 1
RC T

√
LC T
CH P

. The corner fre-

quency fHP of HPF is 3.4 kHz. The transfer gains derived from
the models in Fig. 4(b) and (c) are compared in Fig. 6. They
match very well, so the simplified model in Fig. 4(c) is accurate
enough.

To further validate the simplified model in Fig. 4(c), a 2 × 2
S-parameter matrix (S11 , S12 , S21 , S22) was measured between
CT’s primary winding (port 1) and output (port 2) with the load
resistor RCT connected using network analyzer Copper Moun-
tain Planar 808/1. Based on the measured S-parameters, the
CT’s input current to the output voltage gain can be calculated

Fig. 8. Comparison of the transfer gains derived from the models in Fig. 4(b)
and (c).

based on the technique in [16], [27], and [28]. The gain calcu-
lated based on the measured S-parameters was compared with
that derived from the CT model in Fig. 7. They match very
well below 10 MHz. There is a small difference between 10
and 30 MHz. Because the lowest frequency, which the network
analyzer can measure, is 100 kHz, the measured curve starts
from 100 kHz.

B. OPAM Model

In [16], a simplified OPAM model was derived. In this paper,
due to the necessity of injecting higher current, a class AB
current amplifier had to be used. Modeling the active EMI filter
with OPAM and class AB amplifier including all the parasitic
parameters of both is a contribution of this paper. This helps
to analyze the effect of their parasitic parameters related to the
HF stability issues. Some other papers have used the class AB
amplifier to increase the current injection capacity [5], but did
not model the class AB amplifier along with the OPAM to find
their effect in the HF stability. In this section, an OPAM is
modeled, and in the next section, class AB amplifier combined
with OPAM shall be modeled.

1) Open-Loop Transfer Function of OPAM: In [16], a four-
stage OPAM model was introduced. The four stages include
input stage, slew-rate limiting and dominant pole stage, unity
gain and higher pole stage, and output stage. It has been shown
in [16] that the equivalent circuit of the OPAM can be simplified
to the model in Fig. 8.

In Fig. 8, GOP is the open-loop gain of the OPAM. Ridm, Cidm,
and Zo are the input resistance, the input capacitance, and the
output impedance of the OPAM, respectively. V+ and V– are
the input voltages in the two input pins and VOP is the open-loop
output voltage of the amplifier. The open-loop gain GOP can be
expressed as

GOP =
VOP

Vin
=

Go(
1 + s

ω1

) (
1 + s

ω2

) . (2)

GOP contains three parameters, Go, ω1 , and ω2 . These pa-
rameters can be either found in the datasheet of an OPAM or
from measurements. The OPAM used in this paper is AD829, a
conventional voltage feedback amplifier. Based on its datasheet
[29], the phase and the gain of its open-loop transfer function
are shown in Fig. 9(a) and the dc gain Go as a function of load
resistance is given in Fig. 9(b). The OPAM uses ±15 V power
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Fig. 9. Characteristics of OPAM. (a) Magnitude and phase of the open-loop
gain. (b) Open-loop gain versus load resistance [29].

Fig. 10. Closed-loop output impedance measurement.

supply, so the 15-V gain curves will be used to determine poles,
zeros, and dc gains.

Based on the gain and phase curves, there is a pole ω1 around
10 kHz and several poles and zeros at high frequencies. Because
conductive EMI is concerned with the active filter, only the
lowest pole ω2≈ 35 MHz above 30 MHz is considered and other
poles and zeros above 30 MHz are ignored. Go is determined
based on the load. The closed-loop output impedance ZCLO,
shown in Fig. 10, can be measured with an impedance or S-
parameter analyzer. The closed-loop output impedance curve is
given in the datasheet [29] for a gain of +20. Hence, for this
measurement, RG = 500 Ω and RF = 10 kΩ have been used to
match the measurement in the datasheet.

The measured closed-loop impedance and that given in the
datasheet are shown in Fig. 11. Only the measured phase is

Fig. 11. Closed-loop output impedance magnitude and phase from the mea-
surement and datasheet.

Fig. 12. Calculated open-loop output impedance from the closed-loop
impedance curve given in the datasheet.

shown in Fig. 11, as the datasheet includes the magnitude of the
impedance only.

From the closed-loop output impedance in Fig. 11, the open-
loop output impedance Zo can be derived in (3) based on Fig. 10
and (2). The derived Zo is shown in Fig. 12.

Zo = ZCLO

(
1 +

(
RG

RG + RF

)
GOP

)
. (3)

It was found that Zo can be approximately represented with
a 20-Ω resistance below 10 MHz. Above 10 MHz, it is not so
accurate. A resistance in series with an inductance can be a more
accurate model for Zo , but it will make the system model much
more complicated and difficult to analyze, so a simple 20-Ω
resistance is used in this paper.

Based on these parameters, the model of the OPAM was de-
veloped. To validate the developed OPAM model, a noninverting
configuration shown in Fig. 13(a) was tested in the experiments.
RG,RF , and RL are 1 k Ω, 10 kΩ, and 1 kΩ, respectively.
Based on Figs. 8 and 13(a) and (4), the following equation can
be derived for the voltage gain [30]

AVOP =
Vo

Vin
=

GO P
Zo

1
Zo

+ 1
RL

+ 1
RG +RF

+ RG

RG +RF
× GO P

Zo

.

(4)
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Fig. 13. Validation of the developed OPAM model. (a) Noninverting Op-amp
circuit used to validate the developed OPAM model. (b) Comparison of the
measured gain and the predicted gain based on the model.

The voltage gain is predicted based on the developed model
(4). At the same time, the S-parameter matrix of this network
was measured using a network analyzer with RL included and
the voltage gain of the OPAM circuit was derived based on the
measured S-parameters with a technique similar to that in [16],
[27], and [28].

The predicted voltage gain based on (4) and the measured
voltage gain are compared in Fig. 13(b). It is shown that two
results match well. This validates the developed OPAM model.

C. Model of Class AB Amplifier With OPAM

A class AB amplifier has been used in the output stage of the
active filter circuit to amplify the injection current, as shown in
Fig. 3. The class AB amplifier has a matched npn–pnp comple-
mentary transistor pair ZDT6753. The small signal model of the
class AB amplifier together with the OPAM is shown in Fig. 14.
There is only one transistor model used in Fig. 14 because the
transistor pair has an almost symmetric model structure and
there is only one transistor conducting current at the same time.

In Fig. 14, VB , VE , and VC are base, emitter, and collector
voltages, respectively, RB is the biasing resistance at the base,
and from Fig. 3, RB = RB 1 ||RB 2 , RE is the emitter resis-
tance, RBE is base to emitter resistance, CBE is base to emitter
capacitance, CBC is base to collector capacitance, ro is the out-
put resistance of the transistor, gm is the transconductance, and
the transistor current gain β = gm ZBE . ZBE is RBE and CBE in
parallel. Z ′

o is the open-loop output impedance of the whole con-
figuration and V ′

OP is the open-loop output voltage. The relation

Fig. 14. Small signal model of the class AB amplifier together with the OPAM.

Fig. 15. Validation of the model including both OPAM and class AB amplifier
using a noninverting configuration.

between VOP and V ′
OP can be derived as follows:

V ′
OP

VOP
=

KP

1 + s
ω ′

P B C

. (5)

Here, KP = RP

Zo +RP
, ω′

PBC = ωPBC × (1 + RP

Zo
), ωPBC =

1
CB C ×RP

, and 1
RP

= 1
ro (β+1) + 1

RB
.

The expression for Z ′
o can be derived as follows:

Z ′
o = RE +

(ZZo CB C + ZBE) × ro

(β + 1) × ro + ZZo CB C + ZBE
. (6)

Here, ZZo CB C = Zo ||RB || 1
sCB C

and ZBE = RBE || 1
sCB E

.
Equations (5) and (6) are the math model for Fig. 14.

To validate the model, a noninverting configuration includ-
ing both OPAM and class AB amplifier shown in Fig. 15
was tested in the experiments. RG,RF , and RL are 1 kΩ,
10 kΩ, and 20 Ω, respectively. RB 1 and RB 2 are 4.7 kΩ
and the biasing D1 and D2 diodes used are 1N4148 high-
speed signal diodes. Both RE 1 and RE 2 are 5-Ω resistors
and used for thermal stability. The model parameters from
the datasheet and measurement extraction based under dc
bias VCC = 15 V and IB = 1.1 mA are CBC = 30 pF, CBE =
300 pF, RBE = 469 Ω, ro = 20.3 kΩ, gm = 0.32, and β = 150.
In Fig. 15, RLin is the load resistance seen by the OPAM
with the class AB amplifier stage added and RL in ≈ RBE +
(β + 1)(RE + RL ), where RF + RG >> RL . Based on RLin,
the dc gain Go in (3) can be determined from Fig. 9(b).
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Fig. 16. Comparison of the measured and the predicted gains for the OPAM-
Class AB amplifier configuration of Fig. 15.

Based on the model (5), (6) and the circuit in Fig. 15, the
following equation can be derived for the voltage gain of the
noninverting configuration in Fig. 15:

AV =
Vout

Vin
=

G ′
O P

Z ′
o

1
Z ′

o
+ 1

RL
+ 1

RG +RF
+ RG

RG + RF
× G ′

O P
Z ′

o

(7)

where G′
OP = GOP × KP

1+ s
ω ′

P B C

is the open-loop voltage gain

without load RL . The predicted gain using (7) and the measured
gain using S-parameters are compared in Fig. 16. It is shown
that two results match well. This validates the model (7).

Based on (7), when RL = ∞, the transfer function Vout/Ira of
the whole active filter, which includes a CT, an HPF, an OPAM,
and a class AB amplifier, is derived in (8), where Ira is the
sensed noise current. Because RL = ∞, Vout is the Thevenin
equivalent output voltage of the active filter

AVFB(s) =
Vout(s)
Ira(s)

=

(
s

ωH P

)2
RC T

n

1 + s
ωH P Q +

(
s

ωH P

)2

×
G ′

O P
Z ′

o

1
Z ′

o
+ 1

RG +RF
+ RG

RG +RF
× G ′

O P
Z ′

o

. (8)

If (3) is applied to the whole active filter, the Thevenin equiv-
alent output impedance Z ′

CLO of the active filter can be derived
as follows:

Z ′
CLO =

Z ′
o(

1 +
(

RG

RG +RF

)
G′

OP

) . (9)

IV. DEVELOP A SYSTEM MODEL FOR ACTIVE DM EMI
FILTERS WITH AC/DC CONVERTERS

Because the active DM EMI filter is going to be used between
the ac power line and an ac/dc power converter, to analyze
the active filter performance and develop a design technique
to achieve stability, a model, including an active filter, a noise
source, and a load, must be developed first.

Fig. 17. System under investigation.

Fig. 18. DM EMI noise model of an ac/dc converter with Norton equivalence.

Because LISNs are used between the ac power line and active
DM EMI filter for EMI measurement, the impedance of LISNs
will be treated as the load of the active filter in a standard
EMI measurement setup. The single-phase ac/dc converter can
be viewed as the DM noise voltage source with its equivalent
source impedance for the active filter. When there is a passive
EMI filter before the converter, the passive EMI filter should be
included in the model. The system under investigation is shown
in Fig. 17. It includes a front-end boost PFC converter, a passive
filter, the active filter, and LISNs. The boost PFC converter in
Fig. 17 is modeled with a noise source impedance, which is
the impedance of the boost inductor Lboost, and a noise voltage
source VSW, which is the voltage of the main switch [31], [32].
There is a passive EMI filter before the boost PFC converter.
CDM is the passive filter DM capacitance. Ldm is the passive filter
DM inductance that includes the total DM inductance of DM
inductor and the leakage of CM inductor. CR is a passive filter
capacitor. The active filter is added in between the DM inductor
Ldm and CR to meet the impedance requirement [5] for high
performance. After CR , there are two LISNs in series for DM
noise. They can be modeled as a single equivalent impedance.

The noise model for the boost PFC converter together with
CDM − Ldm can be modeled using a Norton equivalent current
source Is(s) and a Norton equivalent parallel impedance Zdm(s),
as shown in Fig. 18. Zdm(s) is the equivalent output impedance
defined in Fig. 17. Zr (s) is the equivalent load impedance of the
active filter, as defined in Fig. 17. Ira(s) is the current flowing
through Zr (s). The Norton equivalence is used because it is
convenient to derive current transfer functions.

Based on the Norton equivalent model in Fig. 18, the current
gain GOL(s) = Ir (s)

Is (s) before the insertion of an active filter can
be derived as follows:

GOL(s) =
Zdm

Zdm + Zr
. (10)

With the feedback active filter inserted between CR and Ldm

in Fig. 17, the system model including the active filter can
be derived in Fig. 19, with a current sensing-current injection
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Fig. 19. Current sensing-current injection feedback active filter along with
the DM EMI noise model of an ac/dc converter.

Fig. 20. Closed-loop signal flow diagram of the current sensing-current in-
jection feedback active filter.

feedback configuration. In Fig. 19, as derived in Section III, Vout

and Z ′
CLO are the Thevenin equivalent voltage source and output

impedance, respectively. AVFB(s) is also derived in Section III.
Zinj is the injection impedance, which is Cinj and Rinj in series,
as shown in Fig. 3. Ira is the current flowing through Zr after the
insertion of the active filter and Irs is the output current of the
Norton equivalent noise source. Icancel is the cancelation current
injected by the active filter. The ground of the active filter is
connected to one (top) of the two ac lines and Zinj is connected
to the other ac line, so the Icancel can flow between two ac lines
to cancel DM noise current, as shown in Fig. 19. The ground of
the active filter is also the reference ground of the whole system
for the later analysis. And the voltage of the other (bottom) line
is Vx .

Based on Fig. 19, the following equations can be derived as
follows:

Irs(s) = Icancel(s) + Ira(s) (11)

(Is(s) − Icancel(s)) × GOL(s) = Ira(s) (12)

Vx = −Ira(s) × Zr (13)

Icancel(s) =
Ira(s) × AVFB(s) + Ira(s) × Zr

Z ′
CLO + Zinj

. (14)

The closed-loop signal flow diagram for the model of Fig. 19
can be derived based on (11)–(14) in Fig. 20.

To derive the loop gain of the active filter, one of the feedback
paths Zr/(Z ′

CLO + Zinj) should be combined with the forward
path because it is due to the circuit connection instead of the
action of the active filter. In [16], the loop gain was derived based
on transfer gain equation, but from transfer gain equation, there
are different possible loop gain equations, however, only one of
which is correct. In this paper, the feedback path and forward
path are identified. Because the feedback path is due to the active

Fig. 21. Simplified signal flow diagram.

filter only, when the active filter is connected but not powered,
then gain should not be included in the loop gain and should be
with the forward gain. So, the correct loop gain can be identified.
Fig. 20 can be further simplified to Fig. 21 based on the signal
flow theory. Here, IcancelM(s) is an intermediate signal used in

the derivation. Moreover, G′
OL(s) =

Z d m
Z d m + Z r

1+ Z d m
Z d m + Z r

× Z r
Z ′

C L O
+ Z in j

is

the forward path gain.
The closed-loop transfer function GFB(s), which is the ratio

of Ira(s)
Is (s) , can be derived as follows:

GFB(s) =
Ira(s)
Is(s)

=
G′

OL(s)
1 + TFB(s)

(15)

where TFB(s) is the loop gain for the closed-loop feedback
active filter, which can be used to determine the closed-loop
stability. From Fig. 21, the loop gain is derived by multiplying
the forward path gain and feedback path gain. Hence

TFB(s) =
Zd m

Zd m +Zr

1 + Zd m
Zd m +Zr

× Zr

Z ′
C L O +Z in j

× AVFB

Z ′
CLO + Zinj

. (16)

The insertion gain GIFB, which is defined as the current ratio
of the current flowing through Zr with the active filter in Fig. 19
and that without the active filter in Fig. 18, can be derived as
follows:

GIFB(s) =
GFB(s)
GOL(s)

=
Ira(s)
Ir (s)

=
1

GOL(s)
× G′

OL(s)
1 + TFB(s)

=
1

GOL(s)
× GOL(s)

1 + GOL(s) × AV F B +Zr

Z ′
C L O +Z in j

=
1

1 + GOL(s) × AV F B +Zr

Z ′
C L O +Z in j

. (17)

In (17), the loop gain TFB(s) should be as big as possible
to reduce GIFB. Moreover, to ensure stability, the loop gain
must have sufficient gain and phase margins at both LF and
HF crossovers. The closed-loop stability of the feedback active
filter can be analyzed based on the component models derived
in the previous section and the loop gain derived in this section.

V. STABILITY ANALYSIS, COMPENSATION, AND

EXPERIMENTAL RESULTS

In this section, the loop gain and insertion gain models de-
veloped in Section IV will be validated and analyzed. The sta-
bility of a system including a feedback active filter and an ac/dc
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Fig. 22. Stability analysis. (a) System under investigation. (b) Source and load impedances of the active filter.

boost PFC converter will be investigated based on the devel-
oped model. The active filter will be compensated to achieve
stability based on the developed model, noise source, and load
impedances. The EMI measurement will be conducted to verify
that the compensated active filter can achieve both DM EMI
reduction and stable operation.

A. Stability Analysis

In Fig. 22(a), the feedback active filter is inserted between the
boost converter and the LISNs. There are a DM inductor LDM , a
CM inductor LCM , and a DM capacitor CDM between the boost
PFC converter and the active filter. The DM capacitor CR is
between the active filter and the LISNs to meet the impedance
requirement as described previously. The noise model of the
boost PFC converter is modeled with its Norton equivalence, as
shown in Fig. 18. Zr and Zdm can be determined in Fig. 22(b),
as shown in the figure. Based on Fig. 22(b), Zdm(s) =
Zldm(s) + Zldmcm(s) + Zboost(s)||ZCDM(s), where Zldm(s)
is the impedance of the DM inductor and Zldmcm(s) is the DM
impedance of the CM inductor; Zboost(s) and ZCDM(s) are
impedances of the boost inductor and the DM filter capacitor,
respectively. The measured DM inductor impedance Zldm is
Lldm = 71 μH with parasitic resistance Rldm = 5.42 kΩ, and
parasitic capacitance Cldm = 6.1 pF in parallel. The measured
DM impedance Zldmcm of the CM inductor is Lldmcm = 23.6 μH
with parasitic resistance Rldmcm = 3 kΩ, and parasitic capac-
itance Cldmcm = 0.28 nF in parallel. The impedance of the
boost inductors is Lboost = 327 μH, with parasitic resistance
Rboost = 2.97 kΩ, and parasitic capacitance Cboost = 9.44 nF
in parallel. The DM filter capacitor’s impedance is determined
by CDM = 0.2 μF as it has very small parasitic inductance
and resistance. The calculated and the measured noise source
impedance Zdm are compared in Fig. 23. They match very well in
both magnitude and phase. It is shown that Zdm is dominated by
Lldm + Lldmcm + Lboost below 20 kHz, by CDM between 20 and
40 kHz, by Lldm + Lldmcm bewteen 40 kHz and 2 MHz, by Lldm

Fig. 23. Comparison of the measured and modeled Zdm(s).

between 2 and 10 MHz, and by Cldm after 10 MHz. Zr(s) can
be determined similary and will not be discussed in detail here.

Due to nonlinearity, if the inductance of the boost PFC
changes at different ac current over one period, it does not
affect the performance and stability of the active filter. Based
on the model, CDM is in parallel with Lboost, and in the con-
cerned frequency range, this parallel impedance is determined
by CDM′s impedance. Hence, with the variation of Lboost, GOL

is still close to unity in (17) and insertion gain GIFB is not af-
fected. Hence, the performance is not affected. Moreover, in the
loop gain TFB, Lboost is included in ZDM/(ZDM + ZR). ZDM is
determined by LDM in the concerned frequency range. As CDM

is in parallel with Lboost, this parallel impedance is determined
by CDM′s impedance and is very small compared to LDM, so the
stability conditions are not affected.

The active filter does not interact with the main converter be-
cause the high impedance of LDM, LCM and the low impedance
of CDM , CR decouples the active filter from the main converter
and LISNs.
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In the active filter, RG = 100 Ω, RF = 1000 Ω, injection
capacitor Cinj = 0.47 μF and the injection resistor Rinj =
2.5 Ω. RB 1 and RB 2 are 4.7 kΩ and the biasing diodes D1
and D2 are 1n4148 high-speed signal diodes. RE 1 and RE 2
both are 5-Ω resistors. For the active filter, the minimum power
supply voltage VCC is the voltage at which the output is on
the boundary of being saturated [5]. The saturation voltage is
equal to the maximum voltage on the load impedance of the
active filter for the injected noise current Iinj plus the voltage
drop between base and emitter VBE and voltage drop in emitter
resistance RE . The minimum value of VCC can be determined
by VCC ≥ Iinj × (RE + Zinj + ZCR) + VBE. In the following
experiments, VCC = 15 V has been used.

The chosen OPAM has a power supply noise rejection ratio
of 120 dB. And, the class AB amplifiers dc bias condition is not
changed by the small noise ripples from the dc power supply,
as the diode voltage drop is almost constant for small ripples
in dc bias. Hence, the influence of power supply noise can be
ignored.

The model of CT was extracted and the HPF CHP and
RCT are determined in Section III. On the grid side, Zr in-
cludes the LISN and DM capacitor CR ′s impedance in par-
allel, so Zr (s) = sLLISN ||RLISN || 1

sCR
, where CR = 0.2 μF,

LLISN = 100 μH, and RLISN = 100 Ω. Based on these param-
eters and (10), (11), and (18), the loop gain can be
calculated.

To illustrate how the loop gain is measured, in Fig. 24(a), the
boost PFC converter is replaced using its Norton equivalence
model that has been derived in Fig. 18. The loop gain of the
feedback active filter can be measured by breaking the feedback
loop between the CT and OPAM in Fig. 24(b). A voltage V1 will
be injected to the OPAM at the breaking point. The output volt-
age V2 of the CT will be measured. The Norton equivalent noise
current source should be open during the measurement based on
the superposition theory. It means that the PFC converter should
be turned OFF but the converter should still be connected to the
system, as shown in Fig. 24(b). The measured loop gain will be
equal to V2/V1 .

In order to verify the loop gain predicted by the developed
model, S-parameters S11 , S12 , S21 , and S22 were measured us-
ing network analyzer Copper Mountain Planar 808/1 at the loop
breaking point from the input of OPAM to the output of the CT.
The measured S-parameters were converted to loop gain. Be-
cause the lowest frequency which the network analyzer can mea-
sure is 100 kHz, the measured loop gain will be from 100 kHz
to 30 MHz, whereas the calculated loop gain based on the de-
veloped model will be from 10 kHz to 30 MHz.

The measured loop gain is compared with the calculated one
in Fig. 25. They match very well from 100 kHz to 30 MHz.
There is no comparison below 100 kHz because of the limited
frequency range of the network analyzer.

In Fig. 25, there are two unstable frequency ranges due to
negative phase margin when the gain is equal to 0 dB. The first
one is between 30 and 50 kHz and the other is between 10 and
20 MHz. To validate the identified unstable scenarios, an EMI
experiment has been conducted in Fig. 26 using a spectrum
analyzer Tektronix RSA306. The switching frequency of the

Fig. 24. Loop gain measurement. (a) Feedback active filter with PFC converter
DM noise model. (b) Loop gain measurement by breaking the loop.

Fig. 25. Comparison of the measured and the modeled loop gains for the
uncompensated active filter.

PFC converter is 120 kHz. It has a 120-V ac input, 380-V ouput,
and 150-W load.

The measured DM noise curves with and without the feed-
back active filter are compared in Fig. 27. It is shown in Fig. 27
that there is a small noise bump, although it is not very obvi-
ous, around 30–40 kHz, and a big noise bump between 10 and
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Fig. 26. DM noise measurement with an ac source and the ac/dc boost PFC
converter.

Fig. 27. Comparison of the measured DM noise curves without and with the
uncompensated active filter.

Fig. 28. Adding damping resistances to CR and CDM to compensate the
active filter.

20 MHz as predicted. The instability should be always avoided
since it can degrade active filter performance.

B. Loop Gain Compensation

From the loop gain model of (16), it has been found that the LF
gain margin issue is due to the resonances between the inductors
and capacitors (Ldm + Ldmcm, LLISN, CDM, CR ). There are two
resonances as seen in the loop gain (around 35 and 42 kHz). As
there are no damping resistors in the CDM and CR to damp the
resonance, it causes instability. Damping resistors RCDM = 5 Ω
and RCR = 1 Ω are added to damp the responses, as shown in
Fig. 28.

The active filter should be compensated to ensure the stability
between 10 and 20 MHz. In (16), the OPAM class AB amplifier’s
voltage gain AVFB is a factor of loop gain. So, it is possible to
compensate AVFB to compensate loop gain. In (8), AVFB is the
product of the gain of CT-HPF and the gain AV of OPAM class
AB amplifier. So, it is possible to compensate AV to compensate
the loop gain. The AV in (7) can be further approximately

Fig. 29. HF compensations using CFBHF: (a) circuit, (b) magnitude and phase
of Vout/Vin without and with CFBHF.

simplified to the following equation:

AV =
ACLNI

1 + s
G o ω 1

A C L N I

+

(
s√

G o ω 1 ω 2
A C L N I

)2 =
ACLNI

1 + s
QωN C

+
(

s
ωN C

)2

(18)

where ωNC =
√

Go ω1 ω2
AC L N I

and ACLNI = 1 + RF

RG
. So, Av has a

double pole ωNC. With the parameters in this paper, the ωNC is
around 15 MHz, which agrees with Fig. 16. Because the double
pole has an abrupt –180° change, it makes the phase margin
of the loop gain cross over frequency negative. It is possible
to split the double pole to two separate single poles, so that
the phase will change slowly across 2–3 decades. As a result,
there will be enough phase margin at the loop gain’s crossover
frequency. Based on this, a small capacitance CFBHF = 30 pF is
paralleled with RF for compensation, as shown in Fig. 29(a). ZF

is now modified as ZF 1 = RF || 1
sCF B H F

. With the compensation
of CFBHF, AV in (7) is modified as AVC

AVC =

ACLNI ×
(
1 + s

ωZ C M P H

)
((

1+ s
ω 1

)(
1+ s

ω 2

)

Go
ACLNI ×

(
1 + s

ωZ C M P H

)
+

(
1 + s

ωP C M P H

))

≈
ACLNI ×

(
1 + s

ωZ C M P H

)

(1 + s
ωC P 1

)(1 + s
ωC P 2

)(1 + s
ωC P 3

)
(19)
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Fig. 30. Comparison of measured and modeled loop gains after loop gain
compensation.

Fig. 31. Comparison of loop gain math models before compensation and after
compensation.

where ωPCMPH = 1
RF CF B H F

, ωZCMPH = ωPCMPH(RG +RF

RG
),

ωCP1 = 1
( A C L N I

G o ω 1
+ 1

ω P C M P H
)
, and ωCP2 =ω2(1+ Go ω1

AC L N I ωP C M P H
).

And with given parameters, ωZCMPH is very close to ωC P 3 ,
so they cancel each other. The calculated fC P 1 ≈ 2.9 MHz and
fC P 2≈ 74 MHz. Fig. 29(b) shows the comparison of AV and
AVC. It is shown that with the compensation, around 26° phase
leading is achieved around 20 MHz.

The loop gain after compensation was calculated, measured,
and compared in Fig. 30. Same as the reason before, due to
the frequency range limitation, the measured loop gain starts at
100 kHz. The calculated loop gain can approximately match the
measured one.

It is shown in Fig. 30 that both LF and HF stabilities are
achieved with compensation. A comparison between the loop
gains before and after compensation is shown in Fig. 31. The
phase margin is around 40° at crossover frequency around
20 MHz. Based on (16) and Fig. 31, of 40° phase margin, 26° is
due to the compensation capacitor CFBHF and 14° is due to the
damping resistors RCR and RCDM.

In this paper, HF stability issue was clearly identified by an-
alyzing loop gain model equation in HF ranges. This analysis
matches the measured loop gain and the instability in the spectral
domain. The technique for designing compensation is discussed

Fig. 32. Time-domain waveforms for LF unstable and stable cases, with HF
compensation added in both cases.

and how to improve the phase of the loop gain by compensating
the amplifier’s voltage gain transfer function using a compensa-
tion capacitor CFBHF by splitting the double pole of the transfer
function into two separate single poles has been clearly de-
scribed using the math model. How to design the value of the
capacitor based on the desired phase improvement has also been
described using equations. In [5], the CM EMI active filter was
not modeled. A compensation capacitor was added to improve
HF stability, but how it can improve the phase margin of the
active filter based on the loop gain model was not discussed.
As the relationship between the compensation capacitor of the
amplifier and the loop gain of the active filter was not given by
any model in [5], how to design the capacitor is unclear.

The stability issues and compensation technique are further
validated using time-domain measurements. The measurement
setup for these experiments is the same as in Fig. 22(a), except
that the converter is not powered and the ac source is also
not powered, and only the power supply of the active filter
is turned ON. Because the LF and HF stability issues have huge
difference in frequency; to identify their effects clearly, three
different experiments were conducted. In the first experiment,
to find the LF stability issue, at first, LF damping is not added
but HF compensation is added. The voltage across the injection
resistor Rinj is measured and shown in Fig. 32. Without the
LF damping resistors RCDM and RCR, a resonance waveform
of around 37-kHz frequency is shown in Fig. 32. After RCDM

and RCR were added, the compensated waveform does not show
stability issues.

In the second experiment, at first, HF compensation is not
added but LF damping is added. The voltage across the injection
resistor Rinj is measured and shown in Fig. 33. In the unstable
case without the compensation capacitor, a resonance waveform
with frequency of around 15 MHz is shown in Fig. 33. After
adding the capacitor, compensated waveform does not show
stability issues.

In the third experiment, the waveforms when none of the LF
or HF compensation is added are shown in Fig. 34 and compared
with the stable case.

C. Insertion Gain and EMI Reduction

Based on the compensated stable loop gain, the insertion gain
of the feedback active filter can be calculated based on (17). The
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Fig. 33. Time-domain waveforms for HF unstable and stable cases, with LF
damping added in both cases.

Fig. 34. Time-domain waveforms for unstable case without LF and HF com-
pensation and a stable case with compensation.

Fig. 35. Comparison of measured and modeled insertion gains for the com-
pensated active filter.

insertion gain is also converted using the measured S-parameters
[16], [27], [28] and compared with the derived model in Fig. 35.
They match very well below 10 MHz and have a small difference
between 10 and 30 MHz.

To measure the performance of the compensated active filer,
two experiments were conducted. In the first experiment, to
accurately measure the DM noise current, a 1-Ω resistance is
used in series with the LISNs. Since the impedance of LISNs is
much higher than 1 Ω, the voltage drop of the DM current on
the 1-Ω resistance can accurately represent the DM noise cur-
rent to be measured. The noise source is a square wave signal
generator having Zsig = 50 Ω source resistance. The signal gen-
erator generates a 200-kHz square waveform with an amplitude
of Vp−p = 3 V. The measurement setup is shown in Fig. 36.

Fig. 36. Noise spectrum measurement setup to verify insertion gain using a
square wave signal generator.

Fig. 37. Noise spectrum comparison without and with the feedback active
filter for the setup in Fig. 36.

Fig. 38. Measured DM noise spectra without and with the compensated feed-
back active filter.

The measured noise spectrum with and without the compen-
sated active filter is shown in Fig. 37. It is shown that the active
filter is stable in the whole frequency range. Since the impedance
of Zldm + Zldmcm is much higher than Zsig from 100 kHz to
30 MHz, the noise reduction will be approximately predicted
from the measured insertion gain in Fig. 35.

In the second experiment, the DM noise spectra of the ac/dc
boost PFC converter without and with the compensated active
filter were measured, as shown in Fig. 38. The test setup is the
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Fig. 39. Comparison of the measured DM noise spectra without and with
compensation.

same as Fig. 22(a) but with the compensated active filter (from
Figs. 28 and 29). A DM noise separator [33] was connected
to the outputs of two LISNs. The output of the noise separator
was connected to the spectrum analyzer for EMI measurement.
The input voltage of the PFC converter is 120-V ac with 150-
W load and 120-kHz switching frequency. Compared to the
measured EMI for unstable case in Fig. 27, the active filter is
stable within the whole frequency range. There are no noise
spikes observed due to the instability of the active filter. Also,
the noise reduction agrees with the measured and calculated
insertion gains in Fig. 35. On the other hand, in Fig. 27, the
noise reduction was less than expected from the insertion gains
in Fig. 35 due to instability.

Fig. 39 shows the comparison of the measured DM EMI noise
for the boost PFC converter with the uncompensated active filter
and with the compensated active filter. This figure shows how
the LF and HF bumps of the uncompensated case, which were
caused by the instability, are not present in the compensated
case. It also shows that, for the compensated case, the noise
reduction is very close to what is expected from Fig. 35, as with
the compensation, the active filter can work properly.

VI. CONCLUSION

In this paper, the model of a current sensing-current feedback
DM active filter is investigated for ac/dc power converters. The
models of active filter components are explored in detail. Based
on the developed component models, the model of the active
filter, which includes a CT, an HPF, an OPAM, and a class AB
amplifier, is developed. The system model, which includes the
noise source impedance of an ac/dc converter, the feedback ac-
tive filter model, and the load of active filter, is developed. The
loop gain and insertion gain of the feedback active filter system
is studied. Based on the developed loop gain and insertion gain,
the feedback active filter’s stability and EMI reduction perfor-
mance are investigated. A compensation technique is applied to
the active filter to achieve stability. Both simulations and exper-
iments have proved that the developed techniques can correctly
model the active filter system. The loop gain model can correctly
predict the stability of the active filter system and the insertion
gain model can correctly predict the EMI reduction performance

of the active filter. With the developed modeling technique, the
active filter can be compensated to achieve stability and good
noise reduction.
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