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Abstract—Hybrid electromagnetic interference (EMI) filters
(HEFs), which are composed of an active filter and a passive fil-
ter, have been proposed to reduce the size and weight of conven-
tional passive EMI filters in literatures. However, accurate models
that can be used to predict the stability and performance of HEFs
have not been developed. To cope with this, this paper presents a
modeling technique for a hybrid common-mode (CM) filter. The
technique can be applied to the modeling of other HEFs. Critical
component models were first developed for the HEF. HEF’s overall
model was further developed based on these individual compo-
nent models. Experimental results validated that the developed
model can successfully predict the stability and performance of
active/hybrid CM filters.

Index Terms—Active EMI filters, CM noise, hybrid EMI filters,
modeling, stability analysis.

I. INTRODUCTION

WITCHED-MODE power supplies generate conducted
S electromagnetic interference (EMI) noise due to their fast
switching of high currents and high voltages. Various elec-
tromagnetic compatibility (EMC) standards [1]-[3] have been
applied to both consumer and industry products. Generally,
EMI noise includes differential-mode (DM) noise and common-
mode (CM) noise. Passive EMI filters, which are composed of
inductors and capacitors, are widely used to suppress EMI noise.
As power electronics moves to high power density, EMI filters
are becoming one of the biggest function units in the power
converters. For CM EMI filters, the maximum CM capacitance
is limited by the safety standards so CM inductors usually have a
big inductance. Furthermore, the CM inductor windings conduct
full power currents so the CM inductors are usually big [2], [4]
and heavy [5].
A hybrid filter (HEF) is composed of an active filter and
a passive filter. The active filter reduces low-frequency EMI
noise and the passive filter reduces high-frequency EMI noise.
Because the passive filter has a much higher corner frequency
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than a conventional EMI filter, the passive filter size is greatly
reduced. The total size and weight of the active and passive
filters could also be much smaller than a conventional passive
EMI filter [4], [6]. At the same time, the HEF could have a better
performance than a conventional passive EMI filter because the
passive filter has a better high-frequency performance due to its
smaller parasitic parameters.

A considerable amount of research has been conducted on
HEFs. Various HEFs have been implemented in dc/dc con-
verters, motor drive systems, electric vehicles, etc. [3]-[24].
LaWhite and Schlecht [7] discussed the use of active DM filters
in conjunction with minimal passive filters for a high switch-
ing frequency converter. Farkas and Schlecht [8] discussed the
viability of active EMI filters for utility applications. In [9],
a circuit element, nullor, was used to describe the active ripple
filters and four basic circuit configurations for ripple current can-
cellation was classified and compared. Son and Seung-Ki [10]
conducted a generalized analysis of active EMI filter topologies.
A current-sense current-compensation feedback hybrid EMI fil-
ter had been designed for industry application in [11] and [12].
Hybrid EMI filters used in motor drive systems were evaluated
and implemented in [4] and [13]-[17]. Recently, a digital active
EMI filter was proposed and applied to a microinverter module
and a dc/dc converter [18], [19].

The insertion gain and stability for HEFs were discussed in
several articles [1], [7], [20]-[22]. Chen et al. [20] evaluates the
performance of a hybrid CM filter through active impedance
multiplication method. In [21], the stability of a current-sense
and voltage the feedback active EMI filter was discussed. How-
ever, the effect of noise source impedance was missed and exper-
imental validation was not provided. Guidelines on the design
of a feed forward voltage-sense voltage-feedback CM HEF was
given in [22].

Different from the existing work above, this paper focuses
on the development of a modeling technique for a hybrid CM
filter. The developed technique can be extended to other HEFs.
It would be a good tool for HEF’s stability and performance
analysis. A hybrid current-sense and current-feedback CM filter
is introduced and analyzed in Section II. Critical component
models are developed in Section III. The overall model of the
hybrid CM filter is further developed based on these individual
component models in Section I'V. The model is used for stability
analysis and is validated by experimental results in Section V. In
Section VI, the model is used to evaluate a HEF’s performance.
It is shown that the developed model can successfully predict
the stability and performance of the hybrid CM filter.
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Fig. 1. Hybrid CM filter under investigation.

II. HYBRID CM FILTER UNDER INVESTIGATION

Fig. 1 shows the hybrid CM filter under investigation. In
Fig. 1, the CM capacitors 2 x Cy1,2 x Cy», resistors 2 X Ry,
and the CM inductor L compose a passive CM filter. The fil-
ter reduces the noise ripple and attenuates high-frequency CM
noise to ensure the hybrid CM filter works properly [4]. The
resistors 2 X Ry are used to damp resonant peaking of the
passive filter. C'x1,Cx4, and Cx3 are DM capacitors. A pair
of line impedance stabilization networks (LISNs) is connected
between a dc source and the hybrid CM filter for conductive
EMI measurement.

The active part of the hybrid CM filter is mainly composed of
a current transformer (CT), an operational amplifier circuit, and
an RC branch connected between the output of the operational
amplifier and the ground. The CT is a three winding CT used
for CM noise current sensing. Its two primary windings are
connected to a converter’s main power paths. They have the
same number of turns and are directly coupled. The CM currents
in the main power paths of the converter will generate signals in
the third winding on the secondary side. On the other hand, the
DM currents will not generate signals in the third winding on the
secondary side because the DM magnetic flux is canceled within
the CT. R; converts the sensed CM currents into voltages. The
voltages are fed to an operational amplifier U; . The noninverting
input of U; is connected to Vg through an ac capacitor (not
shown here). The output of the amplifier is coupled through
R., and C, to the ground. This capacitive coupling provides
a necessary isolation to meet safety standards. Although the
output voltage is fed back to the inverting input via Ry, the
operational amplifier injects cancellation currents because its
output voltage is the voltage drop of the injected current on the
impedance between the output of the operational amplifier and
Ve . The dc biasing of the hybrid CM filter is similar to that
discussed in [12] and will not be discussed in this paper. Detailed
information about this hybrid CM filter can be found in [6], [11],
[12], and [20] where similar topologies have been discussed
extensively. This paper will concentrate on the modeling and
stability analysis of this hybrid CM filter.

III. DEVELOP MODELS FOR CRITICAL COMPONENTS

As discussed in Section II, CT and the operational amplifier
are two critical components of the active EMI filter, so their
models will be developed in this section.
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Fig. 2. CT model: (a) Model of the CT with parasitic components and (b)
simplified CT model.

A. CT Model

As discussed previously, the two primary windings of the CT
are in parallel for CM current sensing and the magnetic fluxes
generated by the DM currents cancel each other. Thus, the two
directly and fully coupled primary windings are equivalent to
one winding. Because of this, the CT can be modeled as a two
winding CT.

The CT including its parasitics can be modeled as a two-port
network as shown in Fig. 2(a) [25]. In Fig. 2(a), C), and C are
the lumped intrawinding capacitances within the primary and
the secondary windings; L;, and L;, are the leakage inductance
of the primary and the secondary windings; I, and R are the
resistances of the primary and the secondary windings; two C),
are the interwinding capacitance between the primary and the
secondary windings; L,, is the magnetizing inductance on the
secondary side; R¢ represents the core loss, and CT’s turn ratio
is l:n. Ry is the load resistance at port 2. The current flowing
into the primary-side winding is represented by a current source
i at port 1 in Fig. 2(a).

The CT’s primary winding has only one turn and its turn ratio
is 1:7. The CT uses a high permeability ferrite core (1, = 2300),
which leads to a small leakage inductance (measured as 143 nH)
on the secondary side. As a result, the impedance of the leakage
inductance is much smaller than the load resistance 100 §2 within
the concerned frequency range from 150 kHz to 30 MHz. The
CT also has a small (5 mm x 6 mm X 4 mm) size so the winding
length is small. As a result, winding resistance and capacitance
can be ignored within the concerned frequency range. Because
of the analysis above, C,, R,,, R,, Li;,, L;s, and C,5 can be ig-
nored in CT’s model. Fig. 2(b) shows the simplified CT model
after reflecting the primary current to the secondary side. Based
on this model, the transimpedance G (s) from noise current i to
the voltage across the load resistor R; can be expressed as

_wg(s) 1 sLy R1 R,

Gils)= i(s) 1 s2CyRyReLy + Ly (B + Ro) + RiRe
(H
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Fig. 4. Comparison of the measured and the predicted transresistance of
the CT.

To quantify the parameters of the CT, the impedance of the
CT (without the load resistor Ry) was measured from the sec-
ondary side when its primary side was open. The measured
impedance curves are shown in Fig. 3. Under this configuration,
the measured impedance was the impedances of the magnetiz-
ing inductance L,,, core loss equivalent resistance R, and the
parasitic capacitance C of the secondary winding in parallel.
Based on the measured impedance curve, L, , R. and C; of the
CT were calculated as 21.2 pH, 2.043 k2, and 2.2 pF, respec-
tively [26]. With these parameters, the transimpedance of the
CT G (s), from noise current i to the voltage across the load
resistor Ry, can be obtained based on (1).

To validate the model of the CT, a 2 x 2 S-parameter matrix
(S11,S12; 591, .522) was measured between port 1 and port 2
with the load resistor Ry connected [28], [29]. Based on the
measured S-parameters, the transimpedance G (s), i.e., the input
current to the output voltage gain of the CT was calculated
from (2). In (2), Zet is 50 2 reference impedance. The gain
obtained based on measured S parameters was compared with
that obtained according to the CT model, i.e., (1), in Fig. 4. It
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Fig. 5. Operational amplifier model: (a) Four-stage model of the operational
amplifier, (b) equivalent circuit of the operational amplifier without the limiters
and the CMVR part, and (c) simplified model.

is shown that the two results match very well. This verifies the
developed CT model

259
(1 = S11)(1 — Sa2) — S12591

Gi(s) = &

= Zref (2)

B. Operational Amplifier Model

In [30], a four-stage operational amplifier model was devel-
oped. The four stages include input stage, slew-rate limiting and
dominant pole stage, unity gain and higher pole stage, and output
stage, as shown in Fig. 5(a). In Fig. 5(a), Iy has a current limiting
characteristic. When the current is within the limits, the current
source is linear; otherwise, the current will be clamped at either
the upper or lower limits. 2 has a voltage limiting character-
istic. When the output voltage is within the limits, the resistance
is infinite; otherwise, the voltage will be clamped at either upper
or lower limits. In Fig. 1, since the CM noise is attenuated by
the passive filter to ensure the operational amplifier unsaturated,
the nonlinear characteristics of Iy and Ry can be ignored. So
Ry can be removed from the model. The effect of the CM
voltage on the output voltage of the operational amplifier is also
very small due to its high CMRR (80 dB), so the common-mode
voltage rejection (CMVR) part, which includes Cj¢, , Rjcm, and
Jmo Vem, can also be ignored. R; is usually much smaller than
the impedance of R;q, and Cjqy, , S0 it can be ignored too [30].
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Fig. 6. Close-loop output impedance measurement.
The equivalent circuit of the operational amplifier, therefore,
becomes Fig. 5(b).

In the four-stage model in Fig. 5(a), stage 4 is used to model
the output impedance and it is connected to stage 3 through the
voltage-controlled current source g,,3 V3. It should not change
operational amplifier’s Thevenin equivalent output voltage de-
termined by V3, so g,,3 should be equal to 1/Z7,,, [30]. The
open-loop gain of operational amplifiers can, therefore, be cal-
culated as
& _ Gm19m2Bm1 B2
Vo (14 8Cu1Ru1) (1+5C3(Ruma + Rus))

G,
= 3

(1+z) (1+2)
where G, = gmlgm2Rm1Rm2’ w1 = 1/ (lecml), and wy =
1/ [(Rm? + RmS) Gm }

Based on (3), the equivalent circuit of the operational ampli-
fier can be further simplified to Fig. 5(c). In Fig. 5(c), Gop—amp
is the open-loop gain of the operational amplifier defined in
(3) and R;qwm, Ciam, and Z,,, are the input resistance, the in-
put capacitance, and the output impedance of the operational
amplifier, which are the same as those in Fig. 5(a) and (b).
Based on Fig. 5(c), only Gop—amp, Ridm, Cidam, and Z,,, are
needed to model the operational amplifier. G, —amp contains
three parameters GG,, wy, and w,. These parameters can be ei-
ther found in the datasheet of an operational amplifier or from
measurements.

From the datasheet of the operational amplifier used, the input
resistance R;q,, and the input capacitance Cjq,, were found as
10 k2 and 2.1 pF, respectively. The open-loop gain and phase
curves are also given in the datasheet. Based on the gain and
phase curves, G,, wy, and wo in (3) were estimated as 5102,
20 kHz, and 250 MHz, respectively.

The open-loop output impedance Z,,, was derived from (4)
from the close-loop output impedance Zcr,o measured with
an impedance analyzer. Fig. 6 shows the close loop output
impedance measurement setup and Fig. 7 shows the Z,,, ob-
tained based on the measurement result. It was found that Z,,,
can be approximately represented with a 30 €2 resistance based
on Fig. 7

Gop—amp =

R “4)

R
Zmo = ZCLO |:1 + (1 + 2) GopamP:| .
Based on these parameters, the model of the operational am-
plifier was developed.
To validate the developed operational amplifier model, a non-
inverting configuration shown in Fig. 8(a) was tested in the
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Fig. 8. Validate the developed operational amplifier model: (a) noninverting

Op-amp circuit used to validate the developed operational amplifier model, (b)
circuit model, and (c) comparison of the measured and the predicted gains.

experiments. Ry, Ry, and Ry are 1 k2, 10 k2, and 30 (2, re-
spectively. Fig. 8(b) shows the model for the noninverting con-
figuration. In Fig. 8(b), since the impedance of R;q,, in parallel
with C;qy, is much larger than Ry, the following two equations
hold:

RV,
‘/in ~ ‘/in s 5
! R + Ry ®
Gopfamp‘/gnl - V;) V;) ‘/U
R _— 6
Zmo RL + Rl + R2 ( )
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According to (5) and (6), the voltage gain of the operational
amplifier circuit can be derived as

v Gop-smp
0 Zno

Vin S

. 7
1 1 R Gopam O
Ry Ri+R» Ri+Ry  Zn,

The voltage gain is predicted based on the developed model
in (7). At the same time, the S-parameter matrix of this network
was measured with R; included and the voltage gain of the
operational amplifier circuit was obtained based on the measured
S-parameters using [29]

Vo 259 @)
(14 511) (1 — S22) + S21512

G’U -

Vin

The predicted and the measured gains are compared in
Fig. 8(c). It is shown that two results match very well except
that the model has a pole at 4.5 MHz and the measurement has
a pole at 5.1 MHz. The small difference is due to fact that the
parameters derived from the datasheet are not exactly the same
as an actual IC. However, the difference is within the acceptable
range. This validates the developed operational amplifier model.

IV. MODEL DEVELOPMENT FOR THE HYBRID EMI FILTER

To analyze the loop gain, insertion gain and stability of the
hybrid EMI filter, the noise source, and the load impedance must
be included in the model because they influence the performance
of the hybrid EMI filter. In this section, a system model is
developed for the hybrid CM filter, which includes the noise
source and load impedance, and all the components in the hybrid
CM filter used for CM noise attenuation.

The DM capacitors C'x1,Cxs, and Cy3 in Fig. 1 are four
4.7 uF ceramic capacitors in parallel and the equivalent series
resistance and inductance of each of the 4.7 uF DM capacitors
are around 10 m{2 and 0.22 nH. Within the concerned frequency
range from 150 kHz to 30 MHz, these capacitors are considered
shorted for CM noise since their impedances are very small
[27]. Fig. 9(a) shows the equivalent circuit for the CM noise for
Fig. 1. The Zp1gn is LISNs’ CM impedance. It is the load of
the hybrid CM filter. For convenience, it can be simply modeled
as two 50 € resistors in parallel, i.e., a 25 € resistor. Under
actual conditions, it could be the equivalent impedance of the dc
source when LISNs are not present. V; and Z, are the CM noise
source and its impedance which are determined by the power
converter; Z.; represents the impedance of the two paralleled
branches that are composed of the damping resistors 2 x Ry,
and the CM capacitors 2 X Cyy; Z.o represents the two par-
alleled CM capacitors 2 x Cys; Z,, is the impedance of the
injecting RC branch which is composed of R., and C.,; Zcr
is the impedance of the CT, and Z,; is the close-loop output
impedance of the operational amplifier circuit. G(s) in Fig. 9(a)
is the gain from the CM noise current to the output voltage of
the active filter. It includes the effects of CT and the operational
amplifier circuit, as shown in Fig. 9(b). In Fig. 9 (b), the input
impedance Z;, of the operational amplifier circuit is given by
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Fig. 9. (a) Equivalent circuit of the system with the hybrid CM filter and (b)
circuit of G(s) in Fig. 9(a).

(31]
Zidm
L+ [1+ Gopamp(s)] Ze

2

Zin = Ry + R3 +

(€))

where Z; 4., is the impedance of R;qy, and Cjqy, in parallel.

In this case, Z;, is much larger than Ry, so Z/, s loading effects
can be ignored. G (s) and G»(s) can be decoupled. As a result,
G(s) equals to G1(s)Ga(s), where Gy (s) and Go(s) are the gains
of the CT and the operational amplifier circuit, respectively.

In Fig. 9(a), i3 is the output current of the active filter. iy is
the CM noise current sensed by the CT. Other currents in each
branch are shown in Fig. 9(a).

As shown in Fig. 9(a), the output voltage v, of the active

filter is
Vop = 14 G(3). (10)

If the dc bus is defined as CM voltage reference, i.e., 0 V,
based on Kirchhoff’s current law and Kirchhoff’s voltage law,
equations (11)-(17) hold

Vs = 1125 + 12721 (11)
11 = 1o + 13 + iy (12)
. Uop — Uy
_— 1
' Zout + Zcu ( 3)
. (Zd + Z4) ZL — Ug
= 14
22 7o (14)
—u,
= . (15)
Y7 Zor + Zusn /[ Zes
iy = 15 + 15 (16)
16 ZLISN = i5Zc2- (17)
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Block diagram of the system.

From equations above, the following equations can be derived

. Vs + Q1Vop
= —F 18
3 Ze (18)
, . Zr + Zmn
2 =1 —Vop—F 5 (19)
2 302 A
where
Zs Zr + Zia
= Zs+Za) ——F—
O Zr (2t Za) Z11Ze
QQ — é + (Zco +Zout) (ZL ‘|‘ZL1)7
Ze1 Z Zey
ZS ZCO +ZOH
Zoq = ZS"'M-F(ZS-FZ(&)
AR
x (ZL + (ZL + ZLl) (Zco + Zout))
Z(:l ch ZLI ’
and

Zr1 = Zot + Zuisn /[ Zes.-

Based on the above equations, the signal flow block diagram
of the system can be derived in Fig. 10. According to the block
diagram, the loop gain of the system can be derived as (20),
which can be used to evaluate the stability of the system. Ac-
cording to Mason’s rule, the transfer function from v, to ig can
be obtained as

G (S) ZS ZL
oop = — (Zs + Z. 20
Coop Zeq (ZLI M Ze1 21 (2 + Za1) 20)
. ((Z(.,)+Zm)) ( Zes )
16 Zeq 211 Zeo+ZL1sN

21

vy G(s) ( 2. Z :
! 1+ Zeq (ZLl Zz‘léLl (ZS +ch)>

The noise current flowing through the LISNs without the
hybrid CM filter is given by (22). The insertion gain of the
hybrid CM filter can be calculated based on (23)

Vg

i = ———— 22

5 Zusn + Z, @2)

Ginsertion = ZT6 (23)
6

Based on the previous analysis, the performance and stability
of the hybrid CM filter can be evaluated with the developed
model. This is very critical for the design and industrial appli-
cation of a hybrid CM filter. To design a hybrid CM filter, an
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TABLE I
KEY PARAMETERS OF THE UNSTABLE AND STABLE SCENARIOS UNDER
INVESTIGATION

Unstable Scenario  Stable Scenario

Damping resistor, Ry | 0Q 2Q
CM capacitor at noise source side, C'y | 11 nF 11 nF
CM inductor, L No No
CM capacitor at LISN side, C'y 5 No No
Load resistor of the CT, R 100 © 100 Q
Resistors at the input of the Op-amp, R, R3 100 100 Q
Feedback resistor of Op-amp, R 51k 51k
Injection resistor, R, 4.7Q 4.7Q
Injection capacitor, C'., 100 nF 100 nF

operational amplifier needs to be selected. First, the operational
amplifier should have enough output capability to inject enough
cancellation currents. Second, it should not get saturated at the
highest output voltages. With a high operation power supply
voltage, the operational amplifier will not easily get saturated,
but it leads to a relatively high power loss. On the other hand,
with a low operation power supply voltage, the operational am-
plifier may be easy to get saturated, but it leads to a relatively low
power loss. For the hybrid CM filters used in dc/dc converters,
the power loss of the operational amplifier is usually small, so
high operation voltage is generally preferred if possible. Third,
the operational amplifier should have enough unity-gain band-
width to ensure that it can successfully amplify the noise volt-
age within a wide bandwidth. After the operational amplifier
is decided, the passive components including CT, capacitors,
inductors, and damping resistors can be designed to ensure the
stability and performance of the hybrid CM filter based on the
developed model.

V. STABILITY ANALYSIS

The stability of the system was investigated in two scenarios
with the model developed. The two scenarios consist of a stable
scenario and an unstable scenario. The key parameters of the
hybrid CM filter used in the analysis are summarized in Table I.
The circuits of the two scenarios were almost the same except
there was no Ry in the unstable scenario and Ry, was 2 {2 in the
stable scenario. These two scenarios were used to validate the
stability analysis. The final actual scenarios could be different,
but the technique developed still holds.

In the stable scenario, the power converter was powered off
and the hybrid CM filter was powered on. A spectrum analyzer
measured no EMI noise on the LISNs. In the unstable scenario,
the power converter was still powered off and the hybrid CM
filter was still powered on. The spectrum analyzer measured a
high noise spike spectrum. Fig. 11 shows the comparison.

The first spike around 3.3 MHz was due to the resonance
under unstable scenario and the other spikes were the harmonics.
Fig. 12 shows the measured voltage drop of the output current
on R., (4.7 ©2) in the two scenarios.

In Fig. 12, for unstable scenario, the measured voltage
is a trapezoidal wave with a fundamental frequency around
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Fig. 12. Time-domain measurement results of the output voltages of the op-

erational amplifier without noise source in the two scenarios.

3.3 MHz, while for stable scenario, it was zero. The results
match the spectrum measurement results in Fig. 11.

The output impedance Z,,; of the operational amplifier cir-
cuit is in Fig. 9(b) is [31]

Z mo

+ Zmo+Gop-amp(s)(R2+Rs) "
Ro+R3+Ry

(24)

Zout =
1

At 3.3 MHz, the operational amplifier’s open-loop gain
Gop—amp 1S low. Since Ry >> Ry + Rs, it was found that
Zout ~ Zmo-

Although the peak-to-peak voltage of the trapezoidal wave
was only around 1.1 V in Fig. 12, when Z,,; and other
impedances in the circuit are taken into consideration, the ac-
tual output voltage of the operational amplifier in the unstable
scenario is around 8.5 V, which is very close to 9 V, the power
supply voltage of the operational amplifier. So in the unstable
scenario, due to the saturation of the operational amplifier, the
output resonant voltage of the operational amplifier became the
trapezoidal wave in Fig. 12. This was why there are harmonics
of 3.3 MHz.

Based on (9), the calculated input impedance Z;,, of the oper-
ational amplifier circuit is much higher than CT’s load resistance
R, . The loop gain can, therefore, be measured as in Fig. 13. In
the measurement, the noise source v; was shorted. In Fig. 13,
vy is voltage excitation, vy is the response, and v,/v; is the loop
gain.
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Fig. 13.  Loop gain measurement.
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Fig. 14.  Comparison of the measured and calculated loop gains: (a) unstable

scenario and (b) stable scenario.

The loop gains vo/v1 for both scenarios were measured using
S-parameters and transformed to voltage gain [29]. The loop
gains are also calculated based on (20). In the calculation, the
impedance Z.; includes 22 nF capacitance, 0.023 €2 ESR, and
7.1 nH ESL. On Z., and Z1,15nx branches, there were resistors,
so effects of the high-frequency parasitics on these two branches
were ignored in the calculation. Source impedance Z,, which
is the impedance of parasitic capacitance, is much higher than
Z(tl, SO Ze//Zfl ~ Z(:1~

Fig. 14(a) and (b) shows the comparison between the mea-
sured and the calculated loop gains for both scenarios. They
match very well for both scenarios. In addition, in Fig. 14(a),
it is shown the crossover frequency of the unstable case is
3.3 MHz and at that frequency, the phase margin is only 15°.
It is not enough to ensure a stable system. This agrees with the
measurement results in Figs. 11 and 12. For the stable scenario,
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Fig. 15.  CM noise measured with a 500-mV 100-kHz square wave from a
signal generator noise source.

the phase margin was increased to 45° due to the presence
of Ry1 .

To further validate the stability analysis, a signal generator
with 50 Q source impedance was used as a noise source. A
500-mV 150-kHz square wave was fed to the hybrid CM filter.
The measurement results are shown in Fig. 15. Based on Fig. 13,
Z.1 branch is in parallel with the noise source impedance in the
loop gain calculation. In this case, the noise source impedance
is 50 €2, which is much larger than that of Z.; branch, so
Zs]]Ze = Z.1. As artesult, the loop gain of the two scenarios
with the signal generator are the same as Fig. 14. Fig. 15 agrees
with the prediction in Fig. 14. Instability occurred at 3.3 MHz
if Ry is not connected.

Finally, a dc/dc converter was used as the noise source for the
hybrid CM filters, as shown in Fig. 16(a). It should be pointed
out that in Table I, the L in Fig. 1 was removed, so the CM
noise added to the active CM filter has high di/dt and high am-
plitude. To ensure that the active CM filters work properly [4]
with the power converter, a 200-pH CM inductor was added
between the dc/dc converter and Z.; to reduce di/dt and noise
amplitude, as shown Fig. 16(a). Based on [32], the noise source
impedance of the dc/dc converter was estimated as a 7 nF ca-
pacitance, a 15 (2 resistance, and a 0.6 ©H inductance in series.
The impedance of the inductor was an equivalent part of the
noise source impedance. Due to the small impedance of Z.;,
the impedance of Z.,//Z; is still determined by Z.;. As a re-
sult, the loop gains of the two scenarios with the converter are
still the same as Fig. 14. The measurement results shown in
Fig. 16(b) validate the above analysis. Instability occurred at
3.3 MHz if Ry is not connected.

VI. PERFORMANCE EVALUATION FOR THE HYBRID CM FILTER
WITH THE DEVELOPED MODEL

The insertion gain of a hybrid CM filter was investigated with
the developed model for an actual setup same as Fig. 1. The key
parameters of the hybrid CM filter are summarized in Table II.

The system’s stability was first analyzed based on the devel-
oped model. It was found that the system was stable with 85°
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Fig. 16. Measured CM noise with a dc/dc power converter: (a) Measurement

setup and (b) measured CM noise in the two scenarios.

TABLE II
KEY PARAMETERS OF THE HYBRID CM FILTER UNDER INVESTIGATION

Damping resistor, Ry 2Q

CM capacitor at noise source side, C'y; 11 nF
CM inductor, L 0.5 puH
CM capacitor at LISN side, C'y» 44 nF
Load resistor of the CT, Ry 100 Q
Resistors at the input of the Op-amp, R, R3 100 ©
Feedback resistor of Op-amp, R, 150 k2
Injection resistor, R, 330

Injection capacitor, C'., 100 nF

phase margin. The S-parameters of the hybrid CM filter were
then measured. Based on the measured S-parameters, the in-
sertion gain of the hybrid CM filter was calculated according
to Wang et al. [28]. The insertion gain of the hybrid CM filter
was also predicted based on the model developed previously.
In the prediction, the noise source impedance, the parasitic re-
sistances, and inductances of Z.; branch and Z., branch were
all taken into consideration. The same source impedance of the
dc/dc converter used in Fig. 16(a) was used. The parasitic re-
sistance and inductance of Z., branch were 0.05 €2 and 8.1
nH, respectively. The very small parasitics of the 0.5 ytH CM
inductor were ignored. Fig. 17 shows the comparison of the
insertion gain calculated from the measured S-parameters with
that predicted based on the model. Two results match very well.
It validates that the developed model can successfully predict
the insertion gain of the hybrid CM filter.

The CM EMI was also tested with the dc/dc converter. The
measurement results and the predicted CM noise with the hy-
brid CM filter are shown in Fig. 18. In Fig. 18, it is shown that
the predicted CM noise with the hybrid CM filter can match the
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measurement results up to 2 MHz. The high-frequency mis-
match of the two results was due to other factors such as the
background noise, grounding and near-field coupling [26], [33]—
[35], etc. However, the high-frequency noise was mainly atten-
uated with the passive part of the hybrid CM filter. So, the
developed model is very helpful in the evalution and design of
the active part.

VII. CONCLUSION

In this paper, the model of a hybrid CM filter is developed. The
models for CT and the operational amplifier are first developed.
The model of the hybrid CM filter including the noise source
and the load is further developed. With the developed model,
the stability of the system and the performance of the hybrid
CM filter were effectively evaluated. The developed models
were verified through experiments. The experimental results
show that the developed model can successfully predict the
stability and low-frequency performance of the hybrid CM filter.
This would greatly benefit the design and application of the
hybrid CM filters in power electronics systems. The procedure
developed in this paper can be used to model other types of
HEFs.
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