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Abstract—Electronic products consist of parasitic capacitance
between the circuit components and the ground, which introduces
common mode (CM) noise. A CM inductor is used to block the noise
following into the power supply affecting the others. However, the
CM inductor and the parasitic capacitance could create resonance
phenomenon that affect the filter performance in low frequency. In
this paper, we investigate into this resonance phenomenon by giv-
ing a detailed analysis of the CM inductor and filter configuration.
A three-winding CM inductor is then proposed to solve the afore-
mentioned problem. This three-winding CM inductor consists of
two traditional CM inductor winding and an auxiliary winding
connecting to a negative impedance converter. The impedance of
the CM inductor is virtually boosted up. Without physically in-
creasing the value of the inductance, the noise attenuation in low
frequency is improved and the resonance phenomenon is signifi-
cantly mitigated. A prototype is constructed and practically tested
on a 100-W switched-mode power supply. Experimental results
show that the three-winding CM inductor operates as theoretically
anticipated. The noise level at the resonant frequency is reduced
by 21 dB, whereas the power consumption of the additional circuit
only consumes 0.5 W.

Index Terms—Common mode (CM) inductor, electromagnetic
interference (EMI), negative impedance converter (NIC).

1. INTRODUCTION

WITCHED-MODE power supplies (SMPS) use pulse
S width modulation in response to the supply’s operation
and load’s condition. The high-frequency edges of the rectan-
gular waveforms contain high frequency harmonics which are
the root cause of the electromagnetic interference (EMI). High
emission of EMI could seriously affect the neighbor electronic
system in normal operation. Therefore, SMPSs are required to
comply with electromagnetic compatibility (EMC) tests [1]-
[3]. Usually SMPSs could pass the radiated EMI tests because
the magnetic field does not reach very far. However, conducted
EMI propagating along the power line could cause interference
to other electronic equipments. Conducted EMI is classified
into two modes: the differential mode (DM) and common mode
(CM) [3]. CM noise is more difficult to handle than DM noise
because the noise comes from the capacitive coupling between
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the noise source and the power lines [4]. The noise path is invis-
ible, as a result, numerous techniques such as filtering, shielding
[5], and design optimization [6]-[8] are developed to tackle the
CM noise problems.

Passive EMI filters in LC and LCL configurations are the most
popular solutions, as they are low cost and very reliable. How-
ever, the inductors and capacitors could be large and bulky for
filtering low-frequency switching noise. The design of passive
EMI filter needs to carefully consider the parasitic inductance
and capacitance of the components which could create low-
frequency resonance deteriorating the filter performance [9],
[10]. To substantially reduce the size and weight of the filter,
active EMI filtering techniques are proposed to meet the in-
creasing demand for highly compact product design [11]-[14].
In general, active EMI filter uses the current or voltage cancela-
tion techniques to remove the low-frequency noise. The circuit
consists of a sensor, an injector, and an active control circuit
[15]-[17]. In [18], an active CM inductor is proposed. The CM
inductor is separated into two inductors connected in series. One
is designated as sensor, the other as the injector. The current sen-
sor and voltage injector require coupling transformers, which
lead to increase the cost and power loss [19], [20]. The voltage
sensor and current injector mostly employ coupling capacitors,
the sizes of which are limited by the maximum leakage current
to ground [21]. To achieve noise current or voltage cancellation,
active EMI filter uses feedback or feed-forward control methods.
Using the feedback control method, design engineer only takes
into account the disturbance at the ac mains and does not need
the details of the noise source [21], [22]. This method needs a
high gain operational amplifier and proper tuning of the circuit.
Feed-forward control method does not need high gain ampli-
fier, but it requires high accuracy of amplifier gain control [20],
[21]. The hybrid EMI filters in [23]-[25] combine a passive and
an active EMI filter. While the active EMI filter is designed to
attenuate the low-frequency noise, the corner frequency of the
passive filter is placed after the active filter. Thus, the inductance
and capacitance of the passive filter can be reduced. The overall
size and weight of the filter are significantly trimmed down. The
benefits of using active EMI filter are well proven, but the design
complexity and cost need to be justified in the application.

In this paper, we present a three-winding CM inductor [26]
which consists of a small and simple operational amplifier cir-
cuit called a negative impedance converter (NIC) [27], [28].
The impedance of the three-winding CM inductor is virtually
increased several times comparing with the traditional CM in-
ductor with the same number of turns. The original windings
and ferrite core are remained unchanged. The auxiliary wind-
ing and the operational amplifier circuit are inherently isolated
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Fig. 1. Schematic of the three-winding CM inductor.

from the ac mains. This paper is organized as follows. The
principle of the three-winding CM inductor is introduced in
Section II. The insertion loss analysis of CM filter is provided in
Section III. The design of a NIC to realize virtual impedance
boosting is explicated in Section IV. The experiment results
to validate the proposed technique are presented in Section V.
Section VI is the conclusion of the paper.

II. OPERATING PRINCIPLE OF THE THREE-WINDING
CM INDUCTOR

A. Coupling Model

Fig. 1 depicts the schematic of the three-winding CM induc-
tor. It consists of two CM windings for the power paths (i.e., Live
and Neutral wires) and one auxiliary winding for connecting to
an auxiliary impedance Z . All the windings are wound on the
same magnetic core. L; and L, denote the CM windings while
L3 denotes the auxiliary winding. The equivalent impedance of
the windings in general form are expressed as

Vi I I3
7, = — =sL My —= Mz =
1 T sby+s 2111+S 31]1
Vo I I3
Zy = —= = sMis— L My —
2 2 S 12]2+8 2+s 5212
Vs I I
Z3 = i :SM13L+5M23£+5L3 (1)
I3 I3 I3

where 71, Z5, and Z3 are equivalent impedance of windings
Ly, Lo, and Lg, respectively. I; and V; are the corresponding
CM noise current and voltage of L; where i = 1, 2, 3. M;;
(i,7 =1,2,3 and i # j) are the mutual inductance between
the windings. Applying general assumption, the windings are
made to be identical (i.e., L; = Lcyr). Only CM currents are
considered. I; and I, are theoretically the same, so I} = [, =
1.

For simplicity, the mutual inductance between the windings
are assumed to be the same (i.e., M;; = M). It is because the
windings are wound on the same magnetic core and consid-
ered well coupled together. Simplifying (1), the CM impedance
ZcwM1, can be written as

Zomt = Z1 = Zy = s(Lew + M) 4+ Zaux )

where s(Lcy + M) is the original equivalent impedance of
the CM windings in power paths. The auxiliary impedance is
ZAUuxX = 7% which can be used to reshape the fre-
quency response of the CM inductor.

B. Auxiliary Impedance

In [7] and [26], a series resistor—inductor (R L) network was
chosen as the Zy to mitigate the low-frequency resonance
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Fig. 2. (a) CM noise model and (b) its Thevinin’s equivalent circuit.
between the CM inductor and the parasitic capacitance of the
converter. However, this proposal reduces the inductance of
the CM inductor, as a result diminishing the high-frequency
performance of the EMI filter. It can be observed from (2) that
Zaux is anegative term while Zy is positive. Thus, Zcyg, will
always be smaller than the original impedance s(Lcy + M), if
Zy 1s a passive network. The effectiveness of the EMI noise at-
tenuation will be diminished. In order to solve this problem, we
propose using a negative inductor to virtually boost up the CM
impedance. The impedance characteristic of a negative inductor
(Ly < 0) is similar to an ordinary inductor except that its volt-
age is lagging behind the current by 90°. Mathematically, when
Zx = —s|Lx |, the equivalent impedance of Zcy1, becomes

2M?
S—mMM—.
|Ln|— Lewm

L could affect the CM impedance of the CM inductor in the
following three cases:

1) | Ly | > Lem: Zaux is positive, Zoyg, increases;

2) | Ly | < Lom: Zaux is negative, Zcyy, decreases;

3) | Ly | = Lowm: Zavux is infinite, Zeyip, becomes infinite.

A technical term to describe the boost of the CM impedance
of the three-winding CM inductor is defined as

Zemt = $(Lem + M) + 3)

ZeML
s(Lem + M)
Solving (3) and (4), we obtain the value of the negative in-
ductor Ly directly as

“

Acmr =

2M?
(Acmr — 1)(Lem + M

Ly =— 5~ L. ©)

III. CM NOISE MODEL AND ANALYSIS

Based on a practical SMPS, a CM noise model is built to
investigate the characteristics of the CM filter. This CM noise
model consists of a noise source, CM filter, and line impedance
stabilization network (LISN) as shown in Fig. 2(a). The CM
noise source denoted as V; and C|, represents the total parasitic
capacitance between the converter and the ground. C, exists
when the components are proximity to the grounded chassis. An
example of C, is the parasitic capacitance between the power
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TABLE I
COMPONENTS VALUES OF THE CM NOISE MODEL

LISN CM filter
CrLisN 0.1 uF Lcowm 2.1 mH
Rrisn 50Q M 2.1 mH
c, 94 pF Cy 2nF
L n (Three-winding CM inductor only) —3 mH
V, (Square wave) 2V at25kHz

! | e Traditional CM inductor

(dB)

«= e Three-winding CM inductor |

Insertion loss!
%
S

—
)
S

100k IM
Frequency(20kHz-30MHz)

10M

Fig. 3. Insertion loss calculation of the CM filters using traditional and the
three-winding CM inductors.

device and heat sink. Ly and Cy represent the self-inductance
and Y-capacitance of the CM filter, respectively. The LISN is
also modeled as a series resistor—capacitor (RC) network. The
detailed parameters are summarized in Table 1.

To analytically obtain the insertion loss of the CM filter, we
simplify the model using Thevinin’s theorem. The simplified
CM noise model is shown in Fig. 2(b). Cty, = Cy + Cy is
Thevinin’s equivalent capacitance and Vi, = (C,/Cri)Vj is
the equivalent voltage source. Zry, is the input impedance. Thus,
the insertion loss |1, |qp of the CM filter can be written as

C, Ryisn

It | = 201 I x 6
I, |aB 081 (CTh 2 Zn| (6)

and Z7y, can be expressed as

1 RLISN 1 ZCML
Zrn = + + 7
T SCTh * 2 s X QCLISN 2 ( )
where
Traditional

s(Lev + M) + ‘L\QT#(M Three-winding.
®)
Fig. 3 plots the insertion loss of the CM filter with different
configurations. It can be observed that the traditional CM induc-
tor combined with the parasitic capacitance and Y-capacitors
create a low-frequency resonance at 77 kHz. While typical
SMPS usually operate from tens to hundred kilohertz, the noise
suppression performance of the CM filter in the low-frequency
band is diminished. Conversely, the three-winding CM inductor
performs well by boosting the CM impedance and shifting the
resonant frequency to 41 kHz. The insertion loss of the CM filter
from the frequency of 50-800 kHz has significantly improved.

s(Lom + M)
ZoML :{
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Fig. 4. Simulated noise spectra of the EMI filter using traditional and the
three-winding CM inductors.
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Fig. 5. Schematic of the NIC and its connection diagram.

It can be expected that the CM filter with the three-winding
CM inductor could provide better noise attenuation in the low
frequency than using the traditional CM inductor.

In order to evaluate the noise attenuation of the traditional and
the three-winding CM inductors, The CM noise model as shown
in Fig 2 (a) is put into the PSpice simulator. The negative induc-
tor L is created by a NIC. The noise source V} is replaced by a
square wave running at 25 kHz. The spectrum of the noise volt-
age VLisx is measured at the resistor Rysn(r,—q)- In Fig. 4, the
fundamental frequency of two CM filters are similar. The noise
level using the three-winding CM inductor at the fundamental
frequency is 1.4573 mV,x (63.27 dBxV). On the other hand, us-
ing traditional CM filter is 1.1161 mV ,x (61 dBxV). The noise
level is only slightly increased by 0.3412 mV (2.27 dB). Note
that there is a significant improvement at the third harmonic (i.e.,
75 kHz) using the three-winding CM filter so it achieves addi-
tional 31 dB suppression. The third harmonic using traditional
CM filter is 18.158 mV (85.4 dBuV). The three-winding CM
filter reduces the third harmonic down to 525.3 ©V (54.4 dBuV).

IV. DESIGN AND IMPLEMENTATION OF THE NIC
A. Circuit Analysis

A negative inductor can be created by a NIC, which is a
one-port Op-Amp circuit sensing the voltage at its input and
inject a current [;;, from its output to the input side through an
inductor Lo (see Fig. 5). This topology is also called as current-
inversion NIC. In contrast to the ordinary Op-Amp circuits, NIC
employs both negative and positive feedback connections. The
connections of the NIC and the three-winding CM inductor are
also shown in Fig. 5.
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TABLE II
COMPONENTS VALUES OF THE NIC CIRCUIT

U,y LF353 R, 1.125 kQ
U, LM78L12ACM Ro 1 k2

Us LM79L12ACM Rs, Ry 10 k2
Cq,Cy 10 uF Lo 2.7 mH, 60 mA
Cy,Cy 1 uF

Voltage regulators

Fig. 6. Photo of the NIC.
0
% -80[\
N—lOOO o _;g/
-2000 2
£ 8
50 100 150 50 100 150
s Frequency(kHz) Frequency(kHz)
z _
g 28 Z 300
g £
2 < 200
2 -2.9
;i % 100
- 50 100 150 50 100 150
Frequency(kHz) Frequency(kHz)
Fig. 7. Measured impedance, phase angle, equivalent inductance, and ESR of
the NIC.
Fig. 8. Photo of the three-winding CM inductor.

The analysis of the NIC is shown here. The output voltage
and current can be expressed as

Vout = (1 + g?) Vin

L. = Yiun—Vou
1n Lo

9

where Ry and R, are the resistors of the negative feedback
circuit. V¢ is the output voltage (in vector form) of the Op-
Amp. Vj, and I;;, are the input voltage and current of the NIC,
respectively. Zy,, is the impedance of the inductor L,. The ratio
of Rl determines the close-loop gain of the NIC. Dividing Vi,
w1th Im, it gives the equivalent impedance of the NIC as
Vin Ry Ry

Ty — 4= g g
A Ry " RQS o

(10)
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Fig.9. CM impedance of the traditional and the three-winding CM inductors.

B. Design and Implementation

The design of NIC should meet some important criteria in
order to ensure the circuit functioning properly.

1) The bias current (i.e., Ig+) of the Op-Amp should be
small. Thus, the input current of the NIC is almost equal
to the current of the inductor L¢ . The current phase angle
of the NIC is approximately equal to 90° with the input
voltage.

2) The current in the negative feedback (i.e., If) circuit
should be small. The output current of the Op-Amp is
almost equal to the current of the inductor Ly . Thus, the
power of the NIC can be reduced.

3) The dc gain of the Op-Amp should be close to unity
(typical 1-2). Since the performance of an Op-Amp is
limited by the gain bandwidth product, this helps to im-
prove the frequency response of the Op-Amp as a result
maximizing the bandwidth of the NIC.

4) The resistance of the inductor Lo should be kept small,
even though Lo does not carry high current. The resis-
tance of Lo increases the ESR of L . Equation (3) shows
that the boosting of the CM impedance comes from the
(L] = Lew).

To validate the proposed method, a CM inductor is chosen for
the modification. The original inductance of the CM inductor
is 2.1 mH. The expected boosting coefficient (Acyr) of CM
impedance is 3.33. Using (5) and (10) the values of the negative
inductor Ly and the output inductor of the NIC are calculated
as —3 and 2.7 mH, respectively. To meet the aforementioned
criteria, a JFET input operational amplifier LF353 is used. The
gain bandwidth product is as high as 4 MHz and the input bias
current is as low as 50 pA. A linear power supply module is built
for the NIC. It converts an external 48 V4. source intoa £12 Vg,
source for the Op-Amp. In the practical implementation, the
external 48 V. source is not required. Power could come from
the output or internal auxiliary supply of the power converter. A
list of the components and their parameters are summarized in
TABLE II. All the components are in surface mounted device
package and built on a 20 mm x 20 mm printed circuit board
as shown in Fig. 6.
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loss measurement. (b) Insertion loss measurement results.

(a)
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Fig. 12.  Configuration for the conducted EMI test.

C. Inductance Measurement

Since the characteristic of the NIC is different from an ordi-
nary inductor, a method is formulated to measure the impedance
and phase angle of the NIC. First, a network impedance analyzer
is used to measure the impedance and phase angle of the inductor
Lo at different frequencies (i.e., from 10 to 150 kHz). Second,
the NIC is connected to a sinusoidal wave generator. The phase
angle between the input Vj, and output V,; voltage of the
operational amplifier operating at different frequencies is mea-
sured using an oscilloscope. Using (9) and (10), the impedance
of the NIC can be obtained.

Fig. 7 shows the measured results of the NIC including the
impedance, equivalent inductance, phase, and equivalent series
resistance (ESR). It is important to note that the impedance of
the NIC increases when the frequency increases. The negative
sign of the impedance indicates the phase angle is negative, in
which the input voltage V;, lags behind the input current I;;,.
The equivalent inductance of the NIC is measured between —2.8

Configuration and insertion loss measurement of the CM filters using traditional and the three-winding CM inductors. (a) Configuration for the insertion

48 Vipc
supply to NIC

(b)

Photo of the practical implementation: (a) SMPS for practical implementation. (b) Installation of the purposed CM inductor.

and —2.9 mH which is closely equal to the theoretical expected
value —3 mH. The phase angle and ESR are also examined to
verify the operation of the circuit.

V. PRACTICAL IMPLEMENTATION OF THE THREE-WINDING
CM INDUCTOR

Fig. 8 shows the photo of the three-winding CM inductor.
The numbers denote the connection terminals according to the
schematic as shown in Fig. 5. Auxiliary winding L3 only carries
CM noise current which is very small. The winding is wound
with thin wire. The size of the core is as same as the traditional
CM inductor. The CM impedance is measured by an Agilent
E5061B impedance analyzer and plotted in Fig. 9. The CM
impedance of the three-winding CM inductor is increased in the
low frequency (i.e., <300 kHz) compared with the traditional
CM inductor. It is anticipated that the CM filter using the three-
winding CM inductor can obtain a lower resonant frequency and
provide a higher insertion loss in the low frequency than using
the traditional CM inductor.

A. Insertion Loss Measurement

The test setup for the insertion loss measurement using an
Agilent ES061B network analyzer is shown in Fig. 10(a). The
configuration is based on the CM noise model as shown in
Fig. 2(a). To facilitate the measurement, a two-way power split-
ter is used to provide the reference signal for the R-ch from
the source. The R-ch receiver monitors the source output volt-
age V, applied to the CM filter. The T-ch receiver monitors
the voltage at the Ry sn. Then, the analyzer measures the volt-
age ratio Vg, 1sx/ Vy which indicates the insertion loss of the
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Fig. 13.  CM noise spectrum of the SMPS (a) without EMI filter and (b) with

CM filter. The measurement results of the traditional and the
three-winding CM inductors are shown in Fig. 10(b). The mea-
surement results are consistent with the theoretical expectation
in which the three-winding CM inductor could have a higher in-
sertion loss in the low frequency. With the use of proposed NIC
connected across the auxiliary winding, the CM impedance is
increased and the resonance is shifted from 80 to 48 kHz. Over
—15 dB of attenuation can be observed at 100 kHz which is the
range of high-frequency noise generated by modern SMPS. The
high-frequency resonance of the CM inductor due to the wind-
ing capacitance stays in the similar place. It is slightly shifted
from 17 to 11 MHz. It is important to note that frequencies from
50 kHz to 10 MHz are the typical range of frequencies of inter-
est for ac mains conducted EMI. Above 10 MHz, the effect of
the board’s layout becomes dominant and noise could become
radiated interference.

B. Practical Implementation

The three-winding CM inductor is practically implemented in
a 100-W commercial SMPS [see Fig. 11(a)] to demonstrate the
effectiveness of the proposal. The switching frequency of the
SMPS is 22 kHz. The input and output voltages are 220 V,. and
48 V., respectively. The proposed three-winding CM inductor
can directly replace the traditional CM inductor because they
occupy a similar footprint area, as shown in Fig. 11(b). The NIC
circuit board is installed next to the CM inductor. The parameters
of the EMI filter and NIC can be referred to Tables I and II. A
pair of dc supply wire provides a 48 V4. supply from the SMPS
output to the NIC circuit board. Fig. 11(b) shows the details of
the modifications work. The measurement of conducted EMI
is carried in a shielded room. The noise spectra of the power
supply at full load with and without EMI filters are measured.

Fig. 12 depicts the setup for conducted EMI measurement.
The SMPS is connected to the ac mains through the LISN.
The LISN represents the standardized impedance of the power
network. The noise signals of the line and neutral conductors are
taken from this impedance with a high-pass filter. V1,1sx(1,—q)
and Viign(n—q) denote the noise signal on line and neutral
conductor which contain both CM and DM noise. A CM/DM
noise discrimination network is used to extract CM noise. The
CM noise level is measured by Agilent CXA N90OOA Signal
Analyzer.

5185

;qu_76dB @80kHz |
l»-\- 55dB @S0KHZ
P St

54dB@1MHz

S

(=]

(=]

" [= =TTraditional CM inductor i
¢ Three-winding CM inductor | &

Noise level(dBuV)

— D W A L
(=]

(==}
T

100k IM 10M
Frequency(20kHz-30MHz)

(b)

different EMI filter configurations.

C. Results and Comparison

After removing the EMI filter from the SMPS, the noise spec-
trum is recorded as shown in Fig. 13(a). Without EMI filter, the
CM noise level between 200 kHz and 2 MHz is about 65 dB.
In the second experiment, the EMI filter using a traditional CM
inductor is installed. In Fig. 13(b), the red curve shows the CM
noise spectrum of EMI filter using a traditional CM inductor.
It can be observed that 10 dB attenuation is achieved around
1 MHz. However, the low-frequency resonance can also be ob-
served at 80 kHz. Thus, the noise level at resonant frequency
significantly increases from 54 to 76 dB. The noise attenuation
is also weak when the noise frequency is close to the resonant
frequency. For instance, noise level at 130 kHz is similar to no
filter applied. In the third experiment, the traditional CM induc-
tor is replaced by the three-winding CM inductor. In Fig. 13(b),
the blue curve shows the noise spectrum of EMI filter using
the three-winding CM inductor. The measurement result shows
that the three-winding CM inductor provides good noise atten-
uation from 80 kHz to 2 MHz. The noise level is below 55 dB.
As a comparison, 21 dB attenuation is achieved at the resonant
frequency (i.e., 80 kHz). The new resonant frequency is relo-
cated at 50 kHz which is very close to the theoretical analysis.
In the high frequency (i.e., >1 MHz), the performance of the
three-winding CM inductor is as good as the traditional CM
inductor. The efficiency of the SMPS is measured by PM100
power analyzer at full load condition. Using traditional and the
three-winding CM inductors, efficiency of 89.7% and 89.4% is
measured. There is no significant increase in power loss. The
power consumption of NIC is found to be 0.5 W.

VI. CONCLUSION

Based on the coupling model of a three-winding CM inductor,
a general form of the equivalent CM impedance is derived. The
mathematical expression shows that the impedance connected
across the third winding can reshape the frequency response of
the CM inductor. While a negative inductor is connected, the
CM impedance is virtually boosted up. This technique is very
useful to attenuate the low-frequency switching noise from 50
to 500 kHz. The design of the NIC together with the practical
implementation on a commercial 100-W SMPS is described in
detail. The NIC is very small, very robust, low cost, and requires
no tuning. The additional circuit can be easily fitted into exist-
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ing SMPS without major modifications. Experimental results
show that the three-winding CM inductor overcomes the prob-
lem of the low-frequency resonance in the CM filter, whereas
the high-frequency noise attenuation remains the same as the
traditional CM inductor. The measured power consumption of
the additional circuit is only 0.5 W which is not significant to
the overall system efficiency.
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