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Quantified Design Guidelines of a Compact
Transformerless Active EMI Filter for Performance,
Stability, and High Voltage Immunity

Dongil Shin

Abstract—This paper proposes and analyzes a compact trans-
formerless common mode active electromagnetic interference
(EMI) filter (AEF) using a push—pull amplifier. Quantified design
guidelines are then rigorously derived from the analysis with con-
sideration for performance, stability, and high voltage transient
immunity. The proposed AEF is manufactured based on the de-
sign guidelines, and its performance is validated by measurements
using a vector network analyzer. The AEF is then implemented into
a real 2.2 kW current resonant inverter, and the conducted emis-
sions are reduced by 5-25 dB at a frequency range from 150 kHz
to 6 MHz. In addition, the AEF’s immunity against high voltage
transients is demonstrated by lightning surge tests.

Index Terms—Active EMI filter (AEF), common mode (CM),
conducted emission (CE), electromagnetic interference (EMI), high
voltage transient, immunity, lighting surge, voltage sense current
compensation.

1. INTRODUCTION

S A power converting system advances operating at a fast
A switching frequency, both conducted and radiated emis-
sions become more serious, and the electromagnetic interfer-
ence (EMI) problems come to be critical issues in the switching
mode power supply (SMPS) design [1]-[3]. The electromag-
netic compatibility standards such as FCC and CISPR define
the limit of conducted and radiated emissions in consumer and
industry products. The conducted emissions (CEs) are regulated
at relatively low frequencies below 30 MHz, whereas the radi-
ated emissions are at a higher frequency range, from 30 MHz to
1 GHz.

An EMI filter composed of common mode (CM) chokes and
Y-capacitors is usually employed on the power input side of
an equipment under test (EUT), such as SMPS, to suppress the
CM-CE:s. The configuration in Fig. 1(a) is one of the typical
EMI filters and consists of two CM chokes and a Y-capacitor
Cy, as the LCL T-type filter. X-capacitors are also usually
employed together to suppress the differential mode (DM)-CEs,
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Fig. 1. (a) A typical CM EMI filter with passive L-C—L configuration; and
(b) the transformerless AEF employed in the filter configuration.

but are not shown here in the view of the CM noise. The CM
noise currents from the EUT are reduced by the high impedance
of CM chokes and the low impedance shunt path due to Cy .
Although the EMI filter can be easily implemented, it has some
limitations. A large Y-capacitor may cause dangerous leakage
currents exceeding safety regulation limits and is therefore pro-
hibited [3]. To achieve a sufficient CM-conducted noise reduc-
tion at the low-frequency range, multiple LC stages are thus
employed, which occupy a lot of space. Also, in practice, the
magnetic flux generated by the ac current partly remains inside
the CM choke and magnetically saturates the core of the choke.
The CM impedance of the choke can be significantly decreased
due to magnetic saturation, and the overall performance of the
EMI filter is degraded when employed in a high power system
[4]-[6]. An expensive core material is required to avoid such
magnetic saturation. Furthermore, thick wire in the CM choke
is required for high power applications. Thus, the size and cost
of the CM choke remain design issues in EMI filters.

Active EMI filters (AEFs) have been suggested to effectively
suppress the CEs [7]-[29]. The topology of AEFs has been out-
lined in [8], and each topology has been analyzed based on the
ideal amplifier model in [9] and [10]. The AEF structures can be
divided into the sensing part, amplifier, and compensation parts.
The noise captured at the sensing part is converted into the com-
pensation signal by the amplifier, which is then injected through
the compensation part to reduce the CEs. The transformers can
be utilized to capture the noise current as a sensing component,
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and/or to compensate the noise voltage at the compensation
part. The capacitors are employed to sense the noise voltage at
the sensing part and to inject the current at the compensation
part. On the other hand, the amplifier part in the AEF can be
implemented with either an operational amplifier (OP-amp) or
a push—pull amplifier. Any combination of push—pull amplifiers
and OP-amps can also be used.

Many types of AEFs employing OP-amps have been pro-
posed in [11]-[16]. The loop gain of the AEF has been ex-
tracted to evaluate the stability in [11], and the performances
of the AEFs using an OP-amp have been explained through
the impedance variation by the AEFs in [13]-[15]. The general
modeling method for the AEFs using OP-amps has been pro-
posed in [16]. Designing an AEF using the OP-amps provides a
higher degree of freedom in the amplifier design; however, the
cost of the OP-amp is higher than a simple push—pull amplifier,
and the immunity of the sensitive OP-amp circuits against high
voltage transient is difficult to achieve. Since the cost and relia-
bility are critical factors in the house appliance equipment, the
AEF using a simple push—pull amplifier is much preferred in
those applications.

In [17]-[21], the AEFs based on a push—pull amplifier for the
CM noise reduction in the induction motor system and house
appliance have been presented. The voltage sense voltage com-
pensation (VSVC) AEF in [17]-[20] captures the CM voltage
generated by the motor operation and cancels the CM noise
by injecting the compensation signal to the load side. In the
VSVC AEF using a push—pull amplifier, the high voltage rat-
ing bipolar junction transistors (BJTs) and high supply voltage
are required to generate the sufficient amount of compensating
voltage signal. The current sense current compensation (CSCC)
AEF using the push—pull amplifier with the low voltage rating
BIJTs has been also developed in [21]. The supply for the CSCC
AEF has been provided from the dc power of the control board
for the inverter. All of the AEFs in [17]-[21], however, uti-
lize at least a transformer for the noise sense or compensation.
When the transformer is employed in an AEF, the performance
of the AEF can be degraded predominantly due to the parasitic
components and/or magnetic saturation of the transformer.

Another kind of AEFs, which generate compensation signals
from the digitally controlled signals, has been also proposed
in [22]-[28]. The AEF also utilize the push—pull amplifiers,
but the inputs to the amplifiers are digitally synthesized based
on the direct knowledge of the switching noise pulses. The
compensation signal is injected into the power lines through
either a transformer or a capacitor. Although the digital active
filter without a transformer can be developed by using only
capacitors, the digital control part is much more complicated,
expensive, and larger than the analog sensing AEFs.

Finally, the analog AEF using a simple push—pull ampli-
fier without any transformers has been proposed by Shin et
al. in [29] for the first time. As compared to the VSCC with
the OP-amp in [15], the proposed AEF is implemented with
much less transistors. The proposed AEF can be manufactured
in a smaller size than the AEFs with the transformer in [17]-
[21]. Also, differently from the AEFs in [17]-[20], the proposed
VSCC AEF can provide a sufficient noise reduction even under a
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Fig. 2.  Schematics of the L-C—L EMI filter with the proposed AEF.

low-level supply voltage, and low-cost BJTs with a low voltage
rating can be employed. The low-level supply voltage for the
AEF is provided from the dc power of the control board for
the main power system. In summary, the novel features of the
proposed AEF can be characterized as 1) the push—pull ampli-
fier with the low voltage rating BJTs, 2) transformerless, and 3)
direct analog noise sensing.

The proposed AEF can be used alone, but it would more
likely be used together with other filter components. Fig. 1(b)
demonstrates a usage example, where the AEF replaces the
Y-capacitor of the total filter shown in Fig. 1(a). Although the
circuit analysis of the VSCC AEF has been conducted and its
loop gain was derived in [29], it cannot be used in the stability
analysis of real applications, since other components in the total
EMI filter, such as CM chokes, also significantly affect the
overall system stability. In addition, to apply the proposed AEF
to real industrial and commercial products, the immunity against
the high voltage transient should be tested and guaranteed.

This paper completely analyzes the compact transformerless
AEF using a push—pull amplifier. Quantified design guidelines
are then rigorously derived from the analysis with consideration
for performance and stability. For practical applications, the de-
sign rules of protection circuits against the high voltage transient
are also proposed. Based on the developed design guidelines,
the proposed AEF is manufactured and employed in the L-C-L
EMI filter structure, as shown in Fig. 1(b). The performance of
the proposed AEF is validated by measurements using a vector
network analyzer (VNA). The AEF is applied to a real 2.2 kW
current resonant inverter, and the CEs are reduced by 5-25 dB
at the frequency range from 150 kHz to 6 MHz. Also, the im-
munity of the proposed AEF against high voltage transients is
verified by lightning surge tests.

II. ANALYSIS OF THE PROPOSED EMI FILTER WITH THE AEF
In this section, the EMI filter with the compact transformer-
less AEF is proposed and completely analyzed.

A. Circuit Model of the Total EMI Filter With the AEF

The complete circuit model of the proposed L-C—L EMI filter
is shown in Fig. 2, where the AEF plays a role as a Y-capacitor.
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For accurate analysis up to several tens of MHz, the CM chokes
are modeled as parallel impedances of Ly, 1, Mcm1, Remi, and
Cem1 (Lem2, Mema2, Remeo, and Ceyo), as shown in Fig. 2.
They represent the self-inductance, mutual inductance, equiv-
alent parallel resistance, and equivalent parallel capacitance in
the CM chokes, respectively. Additional input filter capacitors
Cinp are located between CM chokes to suppress the effects of
the EUT impedance on the AEF operation. Two X-capacitors
Cx are also placed to reduce the differential noises from the
EUT. I,, represents the CM noise current generated by the EUT.
The AEF block can be divided into the sensing part, the in-
jection part, the amplifier, and the damping circuits. The noise
voltage is captured by the sensing capacitors Cy,, and applied
to the amplifier input. The compensation currents, which are
generated by the amplifier, flow into the power lines through
the injection capacitors (Ciyj). The push—pull amplifier in the
AEFEF is designed as a class AB amplifier with the output load of
Ry and Cr. A dc source Vg, is supplied as the power supply
for the amplifier. The ac utility voltage and the noise from the
EUT can be coupled to the dc supply of the proposed AEF,
which can lead to a bias distortion and malfunction of the AEF.
Also, if the AEF supply is provided from a control board in-
side the application product, it can remove the proper isolation
between control and power sections. However, after adding the
bulk decoupling capacitor Cy, with the value of a few uF, the
coupled noise voltage is greatly reduced, and the AEF operates
properly. The decoupling capacitor is an essential component in
the AEF circuit. The BJTs in the amplifier are biased by the re-
sistors I?y,i,s and I2,. The degeneration emitter resistors R, are
also added to stabilize the bias. The dc block capacitors Cj, are
connected in series between the sensing part and the amplifier
input to mitigate the electric overstress that might be caused by
large dc voltage differences. The output current of the proposed
AEF affects the input voltage, and therefore the AEF is a feed-
back system. For feedback stability, damping circuit elements
are added to the input side of the push—pull amplifier. R;, and
C}y in parallel are located between Csep, and Cy. Also, Cy, Ry,
and Ly comprise another damping branch from Cs., to R,.. The
necessity and behavior of the damping circuits will be analyzed
in detail in Section IV.

B. Circuit and Block Diagram Analysis

The performance and stability of the EMI filter in Fig. 2 can be
accurately investigated using a detail circuit analysis. The loop
gain is the most important factor when analyzing a feedback
system. In extracting the loop gain, the circuit analysis should
be conducted with consideration for all components in the total
EMI filter, since all the components affect the system’s stability.
The expressions of the circuit model are then converted a block
diagram, where the loop gain can be effectively extracted.

The proposed AEF is predominantly symmetric regarding
the earth ground and can be analyzed by using only half of the
circuits. The equivalent circuit model of the half-portion was de-
veloped by applying the small signal model of a BJT, as shown
in Fig. 3(a). The small signal model of a BJT consists of 7, C,
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Fig. 3. (a) The equivalent circuit model of the EMI filter with AEF and

(b) the circuit model after applying Miller’s theorem.

Cy, and g,,, which correspond to the input resistance, base—
emitter capacitance, base—collector capacitance, and transcon-
ductance, respectively. Iy, I, I,, I, Liyp, and It gy represent
the base current, the current flowing through Ry,;,s and C),, the
collector current, the current flowing through a damping branch,
the current flowing to C},,, and the current flowing through the
line impedance stabilization network (LISN), respectively. V.
represents the voltage between the base and emitter of the BJT,
and Vjgr represents the noise voltage at the node where the
AEEF part is connected. V3 and V> indicate the node voltages at
base and collector, respectively.

By applying the KVL along Loop]1 in Fig. 3(a), the ratio of
I, to I}, which is designated as «, is derived as

Im _

I,

Zinj Zﬂgm - Zscn - Zi - ZE}I‘ (Zin+ Z’]T + Re (1 + ngm))
Zsen + Zin + Zbias + Zinj + Zij,“ Zin

o =

ey

where
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! 5Cinj ¢ $Clen " sC
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Zin 2Rin -~ Z ias — R ias || =~ ~ R ias»
Scin b b SC;L b

2
Z = —— 1 2R ||2sL; .
! sCer s 12sLy

For simplification, the internal feedback path through Ry,
and C), can be disconnected using parameter c, based on the
miller theorem, as shown in Fig. 3(b). That is, the impedance
Z./a is connected between the base and emitter, while the
impedance Zy;.s — Z./« is connected between the collector
and emitter. Each current and voltage can be expressed as a
function of Vgr as

I” = (Ib + IT + If) + (Io - I’I‘) + ILISN + Iinp

(2)
Zs 1 Zsyr Za || 5
v, = oy 3
Zsen,FB  ZBJT ARE ©)
Vi Zi | Zsyr
’ Z: | ZsenrnZpit ARE X
Zg || Zyr Zn ’ Zs
Io = ‘/ﬂ' m = = mV 5
g Zsen,FB ZBJIT gmVaer )
Zi | Zosr Zn || %«
I = : o Ly, 6
Zsen,FB ZBJT Z7T ARE ( )
Zy || Zgyr 1
Iy = ————V, 7
[ Zenrn 7 AEF @)
VAEF
Ly, + 1 = (8)
p T ALISN Zinp|| (Zema + Zrisn)
where
1
Zin = A 9
P SCinp ( )
1
Zcm? =S (L(:1112 + Mcm?) T Rcm27 (10)
cm?2
Zsen,FB = _ Vaer Zsen + Z5 | Zy1 + Z1 FB
sen, Ib — II T If se . s )
(11)
2 on = Vagr Zsen FB
MR L I (242, Zs o)’
( o ) (2= [|%=) (gm - 7)
(12)
Vf Z’/r 1+ Z7rgm,
Z = =T+ Zy ||— R\ —/—,
BJT Iy + 1, + « + < 1+«
(13)
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Vi 2 Iy + 1, + Iy
A = = 2R _—
BE L L+ I, (scL | L) I+ 1, + I

2 1‘i’Zw m Z Z Z Z
=(— +2R; gm Zy 1 Zsir | 2y || Zsar )
sCL l+a  Zpir Z;

(14)

To effectively analyze the EMI filter with the AEF, a block
diagram can be drawn using the expressions (2)—(8), as depicted
in Fig. 4. The feedback type of the proposed EMI filter is the
shunt—shunt configuration, since the AEF samples a portion of
Vagr as V., and converts it to a current [30]. Therefore, the
input and output of the block diagram are determined by I,
and Vapr. In Fig. 4, A represents the forward transfer function,
which is determined by the ratio of Vygp to (I, + I,.), and 3y
to 3, correspond to the feedback transfer functions determined
by the ratio of each branch current to Vagp.

C. Loop Gain and Impedance Analysis

The total closed loop transfer function, which is the ratio of
Vagr to I, corresponds to the impedance seen at the sensing
node to the LISN, indicated as Zi, arr in Fig. 4(b). Based on
the block diagram reduction rules, Zi, agr and the loop gain of
the EMI filter with the proposed AEF can be expressed as

7 ~ Vagr A 1
AR 1+ Ap,  LAG5m] | g,
) A B
L+ A(B1 + B2+ B3) || Bs
= ZAEF HZian (Zcm? + ZLISN) (]5)
where
I @ ZBIT
Ay = Zﬂ' - m T 5
= (25 ) (- 2)+ 5
ZSCH
X <1+ B )
Zinp H (Zcm? + ZLISN)
ZSEH
+ L (16)

ZIL || (ZcmZ + ZLISN)
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0, is the sum of the feedback transfer functions from (3, to G,
and A, corresponds to the loop gain of the total EMI filter.
Zagr represents the impedance looking at the sensing node in
the AEF part, as also indicated in Fig. 3(b). Thus, it is verified
from (15) that Zi, arpr consists of the parallel impedance of
ZAEFs Zinp, and (Zeyo + Ziisn), as it can be expected from
the circuit structure. The feedback path by [, is related to the
parallel impedance of (Z.n2 + Zrisy) and Ziy,,, whereas the
other feedback paths from 3; to 3 are involved with Zypp.

Zin, Arr and A, are calculated from (15) and (16) with the
given circuit parameter values, and validated by SPICE simu-
lations, as shown in Fig. 5. In Fig. 5(a), the peak of Z;, sgr
occurs due to the L-C parallel resonance among Zcw2, Zinp,
and Zxgr. The EMI filter might be unstable at the parallel
resonance frequency frcs p, since the phase of Af3; tends to
drastically change at f..s ,, as shown Fig. 5(b). The expressions
for fies,, and stability will be further discussed in Section IV.

Zagr is also calculated from (17) and validated by the SPICE
simulation, as shown in Fig. 6(a). Z, gr is compared to the paral-
lel impedance of (Zen || Zinj) and shows much lower impedance
from 6 kHz to 5 MHz. This means that the effective capacitance
between the power lines and the earth ground is greatly increased
by the AEF operation. Consequently, a large Y-capacitance is
achieved by the AEF in the CEs range, which can greatly at-
tenuate the CM-CEs. However, peak Z,gr occurs due to the

ZAEF

A7)
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series resonance between L; and Cy in the damping circuit.
At the series resonance frequency fics, s, the impedance of the
damping branch is decreased, resulting in a small base—emitter
voltage of the BJT. Accordingly, the AEF’s performance can be
degraded by the damping circuit, which will be further discussed
in Section IV.

Finally, the effect of the AEF on the noise attenuation (NA)
of the total EMI filter is investigated. By defining It 15 w/0AEF
and Ir,15N,w/AEr as the LISN current without and with the AEF
part, respectively, the NA due to the AEF is calculated as the

ratio of Iy 15N w/oAEF 1O ILISN w/AEF a8

ZcmZ + ZLISN + ZAEF HZinp
ZAEF HZinp

I119N ,w/0AEF
NAagr = :

© ILISN,w/AEF
(18)

The AEF’s effectiveness can be verified by comparing it to the
EMI filter with passive Y-capacitors in Fig. 1(a), since the AEF
plays the role of the Y-capacitors. To make a fair comparison,
the value of the passive Y-capacitor Cy is set as the sum of Cle,,
Cinj, and Ciy,p, which are utilized in the filter with the proposed
AEF.

The NA due to the passive Y-capacitor is also calculated as

ILISN w/oY —ca
> —cap
NAy _qp = —LISNw/0Y —cap

ILISN,W/Y—cap
Zcm? + ZLISN + Zscn ||Zinj H Zinp

= (19)
Zsen ||Zinj || Zinp

where ILISN’“’/OLMP and ILISN,w/y_Cap represent the LISN
current without and with the passive Y-capacitors, respectively.

NAsgr and NAy _,, have been calculated with the given
circuit parameter values and compared in Fig. 6(b). NAsgr i
significantly higher than NAy _.,,, from 100 kHz to 5 MHz,
which is attributed to the smaller impedance of the AEF in
Fig. 6(a). That is, the effective capacitance increased by the
AEF results in an increase in the NA of CM-CEs.

The effects of the increased capacitance on the safety require-
ments should also be investigated. The touch or leakage current
flowing through a human body is limited by the regulations
such as UL101-2002 and IEC60990. Under the “let-go” mea-
surement condition imposing the worst leakage current for the
AEF, the measuring network has a low-pass filter characteristic
below 1 kHz, and the leakage current is predominantly gener-
ated by the low-frequency voltage or currents below 1 kHz [31].
As shown in Fig. 6(a), the proposed AEF increases the effective
capacitance between the power lines and the earth ground pre-
dominantly in the CEs frequency range above 150 kHz. Since
the impedance below 1 kHz is rarely affected by the AEF, the
influence of the AEF on the safety requirements for the leakage
current is very limited. The AEF can attenuate the CEs without
sacrificing the safety, which is the great advantage of using the
AEF.
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III. DESIGN GUIDELINES OF THE PROPOSED AEF
FOR THE PERFORMANCE

In this section, the design guidelines for optimized perfor-
mance are derived from an investigation into the AEF impedance
Zagr. Although the push—pull amplifier in the proposed AEF
is quite simple, the push—pull amplifier should be carefully de-
signed since the bandwidth of a BJT and bias circuit affect the
AEF performance.

A. Selection of Ciyp, Csen, Cinj, and Cyc

The AEF performance is also affected by the impedance look-
ing from the sensing node into the noise source, which is indi-
cated as Zgyr in Fig. 3(b). Its value depends on the CM choke
and impedance of the noise source. The impedance of CM noise
source is typically related to the parasitic capacitance C;, , among
the switching components, heat sink, and earth ground [1]. Since
C,, is generally quite small, in tens of pF, the value of Zpyr
is predominantly determined by C),. To eliminate the effect of
Zgut on the AEF performance, the input filter capacitors Ciyy,
are used to screen out Zryt. Thus, the value of Cj,, should
be sufficiently larger than C),. A convenient guideline can be
chosen as

Chap > 5C,.. (20)

Expressions (1)-(17) have already neglected the effect of
ZEUuT.-

As shown in Fig. 6, the variation of Zjgr is the most re-
sponsible for the NA of the AEF, and the main design factors
can be extracted from its expression. However, the expression
of (17) is too complicated due to the damping circuits. The
damping circuits are designed only for feedback stability, and
their effects on the performance can be ignored by a proper
design, which will be discussed in the next section. In drawing
the design guidelines for optimum performance, Zxgr and o
are calculated again without the damping circuits for simplifi-
cation. Zxgro and oy, which represent Z gr and o without the
damping circuits, can be expressed as

Zsen+ ZTr % + (Re + ZL) (Zﬂ' %) (gm - %)
ZAEF) = P R
1 + (Zw ﬁ) (gm - ﬁ)
Zsen 1 2
~ 25 4+ 4 R4 —— 4 2R 21
Zﬂgmao—i—gm—i— ,+SCL+ L ey
where
IJ: Zin‘Z‘/r moT Zsen
g = £ = isrd (22)

Tb - Zsen + Zbias + Zinj .

Zagrro can be further simplified at low-frequency and high-
frequency ranges.

At the low frequency Zgen + Zinj > Zbias» ZAEF0 €an be
simplified as

1

_ 23
S (Csen + Cinj) ( )

ZAEFO,IOW ~ Zsen HZinj -
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Oppositely, at the high frequency Zi., + Zin; < Zpias,
Zagro can also be simplified as
Zsen Zinj 1 2
——+ —+R.+ —— +2R;.
Zbias * 9m * * SCL * g
ZAEF0,low and ZAEro nigh are overlapped with Zsgro at the
relatively lower and higher frequency ranges, respectively, as
shown in Fig. 7.
The boundary frequency between the two ranges f,, can be
found from Zgen + Zinj = Zbias, Which is calculated as

_ Csen + C(inj
271—6‘5011 Cinj Rbias .

ZAEF0,high ~ (24)

Jov (25

Although higher Y-capacitance results in a higher reduc-
tion of CM-CEs, the high capacitance also causes a larger
leakage current to the earth ground, which is strictly limited
by safety regulations. When applying the AEF, however, the
Y-capacitance is effectively enlarged in the CE frequency range,
but the safety regulation on the leakage current is still satisfied
by maintaining the low capacitance at a lower frequency range.
In the EMI filter employing the AEF, the Y-capacitance at the
low frequency is determined by the sum of Cj,;, and the ca-
pacitance produced by (23). Accordingly, the design target of
the AEF reduces the values of Zogronign and f,, as much as
possible while maintaining the sum of Ci,p, Cgen, and Ciyj to
be under the maximum allowable Y-capacitance Cy ax-

Therefore, the optimized solution for C., and Ciy; is given
as

(Cscn == inj) S 0.5 (CY,max - Cinp) . (26)

On the other hand, as aforementioned, the ac utility voltage
and DM noises from the EUT can be coupled to the dc supply
of the AEF through the two C},; capacitors. When the decou-
pling capacitor Cy, is employed, the coupling transfer function
from the power lines to the AEF supply at low frequencies is
approximately given as Cinj / (Cinj + 2Cqy.). Since the noise
coupling due to the ac utility voltage is usually predominant, a
guideline for the value of C4. can be constructed as

Oi nj

—— Ve < 0.01Vg,
Cinj+2cdc ac de

27
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where V,. and Vg, are the amplitudes of the ac utility voltage
and the dc level of the AEF supply, respectively. Equation (27)
represents that the coupled noise voltage due to of the ac utility
voltage should be less than 1% of V. to avoid the malfunction
of the AEF or control board. The noise-tolerant level can be
adjusted as required.

B. BJT Selection and Push—Pull Amplifier Design

The BJTs in the push—pull amplifier should have an opera-
tional bandwidth higher than the CEs frequency. Also, the max-
imum output current of a BJT should be sufficiently larger than
the CM noise current [,, for compensation. The small signal
current gain of the BJT g,, also contributes to the expression of
ZAEF high» as shown in (24); however, the term for 1/g,, may
be negligible compared to the other terms in a proper design.
Therefore, the necessary conditions for BJT specification can
be simply summarized as

(28)
(29)

fr> fo
Ic,max > I,.

fr and fy represent the unity current gain bandwidth of a
BJT and the high-frequency boundary of the CEs, respectively.
1. max indicates the maximum limit of the BJT collector cur-
rent. It is shown in (24) that Iz, increases Zagro high and thus
degrades AEF performance, but it is necessary to stabilize the
BIT bias. The thermal runaway of a BJT also can be prevented
by R.. The typical value of R, is chosen as 1-4 €.

When the maximum noise voltage is applied to the input of the
push—pull amplifier, the collector—emitter voltage V.. may ap-
proach the saturation region voltage V. (sat), and the voltage at
the BJT emitter becomes & (Vi /2 — Vie(sat))- The maximum
output current of the push—pull amplifier I, ,,,.x is then gener-
ated as [Vae /2 — Vie(sat)|/(Re + 2Ry ). For proper operation,
1, max should be adjusted to a setting lower than I.. ,, .« by using
Ry . From the relation of (Vic/2 — Vie(sat))/(Re + 2Rr) <
I max, the design guideline of R;, can be extracted as

1 V. R,
21 max < ;C - Vce,sar,) - —.

2

As shown in (24), the magnitude of Zagro nigh is directly
influenced by Ry . Therefore, R should be designed as small
as possible while satisfying (30). Also, expression (30) indicates
that a higher I, ,,,, of the BJT allows a smaller Ry, value, which
can improve the AEF performance. Accordingly, the current
capacity of BJTs and the value of R; should be considered
simultaneously in the selection of BJTs and Ry..

Next, the bias components of BITs Ry,,s and R, are designed.
The value of Ry, is determined first using (25) with the target

fop as

Ry >

(30)

Cvscn + Cinj
271—C’sen C’inj fop .

The value of 12, can then be obtained by the dc bias analysis
of BITs. Since the push—pull amplifier is designed as a class AB
amplifier, the bias point of each BJT is located slightly above
the cutoff. By carrying out KVL from the base to the emitter

Rbias - (3 1)

6729

for a half-portion of the push—pull amplifier, the equation can
be derived as

F Va R,
R 5 I | Ryias 5 )t Vie + (Ic + Ip) Re
Ryias + o
(32)
where
I.
VBE = VT lnl—( (33)

s

I¢, I, and Vg represent the dc collector current, the base
current, and the base—emitter voltage, respectively. The value of
1. is selected first to achieve a slight forward bias for each BJT
based on the -V curve of the BJTs. The value of I2, can then
be extracted by solving (32).

The output of the push—pull amplifier may have a different dc
level from the earth ground, and C7, is inserted at the amplifier
output as a dc block. Since Zagro,nign 18 directly affected by
C, as shown in (24), the impedance from C}, should be also
negligible. If 2/(sCr) < ZsenZinj/Zvias is in the target fre-
quency range, (24) can guarantee that the effects of C, on the
AEF performance are negligible. Thus, a convenient quantita-
tive boundary for C, can be decided as

CVL > 47TfL C’sen C’inj Rbias (34)

where f; represents the low-frequency boundary of the CEs.

IV. DESIGN GUIDELINES OF THE PROPOSED AEF FOR
STABILITY AND IMMUNITY

The stability and immunity of the proposed AEF should be
guaranteed to apply to a real product. As aforementioned, the
damping circuits are essential for feedback stability. The damp-
ing circuits are already included in expressions (1)—(17). In this
section, the design guidelines of the damping circuits are devel-
oped step-by-step by investigating their effects on the total loop
gain and the AEF impedance A(3; and Z gy . Also, the transient
immunity standards require that any product should continue
to operate correctly after a transient immunity test, such as the
lightning surge test. Since the surge test is applied to ac power
lines, the components in the AEF can be directly affected by the
high voltage transient through the sensing and injection parts.
The protection circuits are designed herein to prevent damage
from lightning surges.

A. Damping Circuit Design for System Stability

The design of the damping circuits is the most challenging
part of the AEF design. As mentioned in Section II-C, system
instability of the EMI filter employing the AEF may occur due
to the parallel resonance among Zagr, Zinp, and Zy 2, since
the phase of the loop gain, AS; in (16), greatly changes at the
resonance frequency f;.s . That is, for the system to be stable,
the A5, phase should remain below 180° even at fis ,, as the
magnitude of Af; is larger than 0 dB, as shown in Fig. 5(b).

Herein, damping circuits are employed to resolve the feed-
back stability issue. The proper damping circuits should make
the EMI filter stable while maintaining the NA performance.
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Fig. 8. Investigation of four different configurations of the damping circuits.

(a) Circuit schematics (only the AEF parts are drawn for simplicity) and (b) the
impedance of the AEF part and the total loop gain Zx gr and Af;.

To investigate the role and necessity of each damping circuit
element step-by-step, four different cases are tested, as shown
in Fig. 8, where only the AEF parts are drawn for simplicity.
Note that all other components in the EMI filter remain exactly
the same.

Each case in Fig. 8(a) has different configurations of the
damping circuits. Starting from the case without any damping
circuits, case 0, the stability or performance problems of the AEF
are resolved by adding required circuit components. Initially, the
EMI filter of case 0 is most likely unstable. Thus, the damping
circuits made of Cy and R;, are added in case 1, and the filter
becomes stable; however, its NA performance is significantly
degraded. To recover the NA performance of the filter, L; and
Ciy, are inserted at each damping branch, as shown in case 2.
In case 2, however, a risk of instability arises due to the series
resonance between L and C/ at the resonance frequency frcs ;-
Therefore, R is also added to suppress the Q-factor of the series
resonance in case 3. Finally, both stability and performance of
the AEF are optimized in case 3.
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The stability and performance of the AEF can be accurately
identified by observing the AEF impedance and loop gain Zsgr
and Ap;. Those parameters for each case are calculated using
(16) and (17) and are plotted in Fig. 8(b). The effects of each
damping circuit part, which are explained above, can be clearly
observed.

To extract quantitative design guides of the damping circuits,
rigorous mathematical analysis is performed. The expressions of
ApB; and Zagp in (16) and (17) can be approximated to simpler
forms. In the low-frequency range up to fres . AB; in (16) can
be expressed as

Zr Zin Zsen
— g+ 1+ —F . (35
o’ ( Zs ) <Zcm2 + ZLISN>

Also, in the frequency range from f1 to fy forthe CEs, Zpgp
in (17) can be approximated as

Zscn + Zj HZBJT,A

Aﬂt ~ Z7T

Z ~
AEF 1+( Z; )(Z Hzi,)( _a>
Z;+7Z551.4 T o 9Im 7
2
— [|12R 36
+ O, 2Ry, (36)
where
Ly

ZBJT,A - Zin + Z7T o (1 + Regm) . (37)

ZmjT,4 indicates the approximated expression for Zgjr of
(13) in the CEs frequency range.

The damping circuit components are included in Z;,, and Z;.
When the damping circuits are not applied, as in case 0, the
second term of (35) becomes simply Zgn /(Zema + Zpisn)-
The phase of Af; in case 0 1is close to 180°, as shown in Fig. 8(b),
since Af3; of case 0 includes a second-order system response
due t0 Zgon/(Zem2 + Zrisn ). Accordingly, an AEF without
any damping circuits would be basically unstable.

Proper damping circuits should make the second term in the
loop gain expression (35) be the first-order system to avoid the
phase of 180° at the f..s , frequency. By placing Cy and R;,, as
shown in case 1 of Fig. 8(a), Z; = 1/(sCy) and Zi, = Ri,.
If Rin/(1/(27 frespCr)) > 1, then the second term of (35)
behaves as the first-order system by cancelling the effect of Zge,,
using Z;. Therefore, in case 1, the phase of the loop gain Af,
does not reach 180° and the EMI filter with AEF can stay stable.
As aresult, the relationship between C; and ;,, can be extracted
from the condition for stability R, /(1/(27 fres,Cr)) > 1 at
Jres,p as

1

Ry >—
in Zﬂfres,pcf

(38)
where

1
fres,p ~

2m {/Csencinj Rbias (Lch + Mch) '

Another design rule of Cy will be presented later using case 2
of Fig. 8(a), since the design rule of C'y is associated with other
parameters in the damping circuits.

The effects of the damping circuits in case 1 on Zygp
should also be investigated. Zp T 4 of (37) is increased by R;,

(39)
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compared to that without damping circuits. Then, the denom-
inator of the first term in (36) approaches “1” because Z; is
much smaller than Zpjr 4 in the CEs frequency range. Ac-
cordingly, Zagr in case 1 maintains a high impedance close to
(Zsen + Zy + (2/(sCp))||2Ry) in the target frequency range.
In other words, the effective capacitance of Zygp is not in-
creased when the damping circuits C'y and R;, are employed,
as shown in Fig. 8(b).

To resolve the NA performance degradation due to the damp-
ing circuits, Z should remain greater than Zgjr 4. Also, Zj,
should be smaller than the other term in Zp ;7 4 of (37) to sup-
press the effect of R;,, on Zagr. For these reasons, L is added
in series at the impedance Z;, and C}, is added in parallel at
Zin, as shown in case 2 of Fig. 8(a). By adjusting the values of
L and Cj,, the increased effective capacitance of Zygp can be
achieved in the frequency range of the CEs, as shown in case 2
of Fig. 8(b).

Quantitatively, the impedance of L should be larger than Z
to achieve the condition of (Z; > Zgjr 4), since Ly and Z,
have dominant impedances in Z; and Zg 1, 4, respectively. The
design rule for L; can be found at the low-frequency limit for
the CEs f;, as

(40)

I 1 1
12 I (“ ’ 27 1. )

Similarly, the impedance of C},, should be smaller than Z,; at
the frequency fr,as 1/(2nfrCin) < r-||[(1/(27fLCr)).

For the stability to still be retained, the effects of L; and
Ciy at the frequency fies, should be negligible. That is, the
impedance of C at f..s , should be sufficiently larger than that
of L. For convenience sake, a design guide can be drawn from
1/(27Tfrcs,pcf) >5 (27Tfrcs,po) as

1

(o ——
207(2 I‘2€S,p Lf

41

Also, the impedance of Cj, should be sufficiently larger
than Ri,, as 1/(27 fres ,Cin) > 5R;,. Considering both con-
ditions for Cj, regarding the performance (1/(27f;Ci,) <
r|[(1/(2nfrCr))) and the stability (1/(27 fres,pCin) >

5Riy ), the design guideline of Cj, can be summarized as

1 < Cill S ;
27TfL (rﬂ ||]-/ (27TC7TfL)) a 107Tfres,pRin

When the damping circuit components are designed based
on (38) and (40)—(42), a stable AEF system with acceptable
performance can be achieved in the CEs frequency range, as
shown in case 2 of Fig. 8(b).

A final trim is still needed in the damping circuit design,
however. A series resonance occurs between Ly and Cy. At the
resonance frequency fics s, the magnitude of Z; is minimized
and the phase abruptly changes. If the minimum Z at fies s is
much smaller than Zp 7,4, a peak of Z5gr occurs, as shown in
Fig. 8(b), since the denominator of the first term in (37) is close
to “1.” Also, the phase of the loop gain Af3; abruptly increases
at fres,s through a rapid phase variation of Z. Accordingly, the
variation of Z; at the fis ¢ frequency should be mitigated by
adjusting the quality factor of the series resonance. Hence, Ry

(42)
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is added in parallel with L; to adjust the quality (Q) factor, as
shown in case 3 of Fig. 8. Both the performance degradation and
the instability risk at fi.s s can be mitigated by designing the
Q factor, which is expressed as Ry /(27 fres s L7 ), to be smaller
than 10. The purpose of 2 is only to reduce the Q-factor without
affecting the roles of other damping circuit components. Thus,
Ry should be sufficiently larger than the impedance of Ly at
fres,pssuchthat Ry > 5 - (27 fres p Ly ). In summary, the design
guides for R, can be extracted as

107rfres,po < Rf < 207Tfres,st (43)

where
1

27T\/Lf0f.

Finally, after R is designed based on (43) and applied in the
damping circuits, both stability and performance are optimized,
as shown in case 3 of Fig. 8(b).

Physically, the role of each damping circuit component so far
can be summarized as follows. The amplifier input voltage is
attenuated by R, at the f.s , frequency for stability. The noise
voltages in the CEs frequency range can be still applied well
to the amplifier input through Cj, for performance. Cy is the
phase compensation capacitor for stability. The large impedance
of Ry and L; make the phase compensation path invisible in
the CEs frequency range for performance.

In practical designs, all the values of the damping circuit
components can be easily designed by selecting the Ly value
first, since L in (40) is only a function of the BJT parameters.
The most convenient order for selecting component values is
denoted by the numbers in circles in the figure for case 3 in
Fig. 8(a).

The maximum phase of the loop gain over the whole fre-
quency range is calculated using (16) and is plotted by sweeping
the value of each damping circuit component, as shown in Fig. 9.
The values of all other components except for the swept value
are fixed to the designed values. In Fig. 9(a), a C'y value smaller
than 27 nF or larger than 38 nF can cause system instability by
violating design rule (38) or (41). The unstable ranges due to the
value of Ry in Fig. 9(b) are attributed to (43). Although there are
both low and high limits in choosing the value of C},,, as (42),
system instability occurs only at a large C},, exceeding the high
boundary, as shown in Fig. 9(c), since the low boundary is due to
NA performance. In the case of ?;,, system instability is caused
by violating design rules (38) and (42), as shown in Fig. 9(d).
The increase of C'; and R, allows the AEF to be more stable by
decreasing the maximum phase in the whole frequency range,
as shown in Fig. 9(a) and (d). When R;,, and C' are adjusted for
system stability, all other components in the damping circuits
also should be redesigned according to the design guides, since
all the damping circuit components are related to each other.

The effects of the damping circuits on the stability can be
demonstrated by measuring the CM noise at the LISN side after
removing the damping circuits in the AEF. Fig. 10(a) and (b)
shows the results measured in both time and frequency domains
using an oscilloscope and a spectrum analyzer, respectively. In
the measurements, the EUT was turned OFF while only the AEF

fres,s = (44)
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Fig. 10. CM noise with and without the damping circuits (a) in the time-
domain measurements and (b) in the frequency-domain measurements.

turned on. Without the damping circuits, the oscillation due to
the instability occurs, creating the peaks at its harmonics in the
frequency spectrum. After applying the damping circuits, all the
oscillations and harmonic peaks disappear, as shown in Fig. 10.
The damping circuits are an essential part in the proposed AEF.

B. Surge Protection Circuit Design

The high voltage transient caused by a lightning surge can
physically damage the components of power converters inside
appliances. Generally, protectors such as metal oxide varistor
and gas discharge tubes are additionally installed prior to the
EMI filter for overvoltage clamping, denoted as M;, M, and
GDT in Fig. 11. However, the clamping voltage of the varistor
and GDT in front of the EMI filter are usually very high—as
much as several kV—to avoid interrupting the normal operation
of the power system. Hence, despite the presence of those pro-
tectors, an overvoltage of several kV can be still generated and
applied to the AEF.

When the lightning surge occurs, the overvoltage between
collector and emitter nodes can damage the BJTs. Furthermore,
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Fig. 11.  Proposed surge protection circuits for the AEF.

an overcurrent can flow between the power lines and earth
ground through R., Rr, Ri,, Ry, and BJTs. The passive
components in the AEF should also be protected from the
high-power transient, requiring additional protection circuits in
the AEF side. The protection circuits are implemented using the
varistor at the input side of the AEF M3 and the transient voltage
suppression (TVS) diodes 77 and 75, along both NPN and PNP
BITs, respectively, as shown in Fig. 11. The TVS diodes for
protecting the BJTs are chosen to have a lower clamping voltage
and a faster response compared to the varistor, whereas the
varistor M3 at the amplifier input is chosen to dissipate a high
current and high energy. The varistor at the amplifier input can
be also replaced by a TVS diode if a fast response is required.

The bidirectional TVS diodes 77 protect the BJTs and passive
components from the high voltage transient. Since the voltage
across 17 is limited by the clamping voltage of 11, V1, Vi
should be lower than the maximum collector—emitter voltage
tolerance Vg max, but higher than Vg, in order not to inter-
rupt the normal AEF operation. Accordingly, the condition for
choosing V1 can be simply written as

Vdc < VTI < VCE,maX' (45)

M5 protects the passive components at the amplifier input
side against the high voltage transient. The dc block capacitor
C)y is also added between Cie, and M3 to avoid any unwanted
operation of M3 due to a dc voltage difference between the
sensing node and the earth ground. If the high voltage transients
are generated, M3 should operate below the rating voltage of
the passive components that are placed at the amplifier input.
Assuming the lowest rating voltage in the passive components
i8S Vi assive,rate, the condition for the clamping voltage of Ms,
Virs, is conveniently given as

V]\,[g < Vi)assivema‘t@ (46)

The parasitics in the varistor and TVS diode can degrade
the performance of the proposed AEF. The characteristics of
the protection devices at the idle state in the CEs frequency
range should be dominated by parasitic capacitance. Thus, the
parasitic capacitance in the varistor and TVS should be also
considered in selecting the protection devices. By naming the
parasitic capacitance of M3 and T as Cpara,ar3 and Chara 71,
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respectively, the impedance of the protection devices can be
written as

1 1
Zpara,]\fﬁ’) = 86'7’ Zpara.Tl =

para,M3 SCpara,TI

Also, the impedances looking at the input and the collector
nodes of the push—pull amplifier with reference to the earth
ground are named as Zp and Z, respectively, as shown in
Fig. 11. In the CEs frequency range, Z;,, and C, are negligible,
and Zp and Z¢ can be expressed as

\%:
R ey Bir |27 + Z1p
2R 9m Zny
~ 1 P a— R 1 Re m

( +1+R89m)< fH1+a( T )>

VC Z’/T IT
T = ~ — | Zpias — — R —Zinj
CT I -1, (1 a)h—h )

where « given in (1) also can be approximated to (Z,;Z;
9m /Zbias)-

To avoid the performance degradation of the AEF, the currents
flowing through M5 and 77 should be smaller than the currents
into the base and the collector of the BJTs, respectively, in
the CEs frequency range. Accordingly, Zp and Zo should be
sufficiently smaller than Z,,,, 373 and Zpaa 71, TE€spectively,
until the upper boundary of the CEs frequency range f;. From
these conditions, the boundaries for Cpara,ar3 and Cpara, 71 can
be extracted as

C < !
para,M3 9 1 SR1 om I 7 1 R
Ter + 1+Regm I l+a ( + Cgm)
(47
Cpara.Tl < Cinj~ (48)

The boundaries of (47) and (48) are calculated as 500 pF and
1.5 nF for the designed AEF circuit, respectively. To validate
the effects of Clara, 273 and Cpara, 71 On the AEF performance,
the NA was calculated with varying the value of each parasitic
capacitance from 0.25 to 2.25 nF, as shown in Fig. 12. When
the values of C,ura, 173 and Cpara 71 approach the boundaries of
(47) and (48), the performance of the proposed AEF is actually
degraded. C,arq,71 has alarger effect on the performance degra-
dation than Cl,.ra, 073, and the protection circuit in the collector
side should be more carefully selected.

6733

Given parameter
1. Maximum capacitance from the safety regulation (Cy,,4)
2. CM choke
. The operation frequency (f;,)

w

i

Stepl. Sensing and injection Capacitor

. C

inp>

Csens Cyy» and Cy, are designed by using (20), (26) and (27)

¥
Step2. Push-pull Amplifier Design
The selection of complementary BIT by using (28), (29)
Bias circuit design by using (30), (31), (32), (34)

¥
Step3. Damping Circuit Design
The circuit parameters in Z are selected by using (40), (41), (43)
The circuit parameters in Z;, are selected by using (38), (42) R

Step4. Protection Circuit Design
T, is selected by using (45) and (48)
M, is selected by using (46) and (47)

End

Fig. 13.  Design flow of the proposed AEF.

V. IMPLEMENTATION AND MEASUREMENTS
OF THE PROPOSED AEF

A. Design Flow and Implementation

The design flow for the proposed AEF is summarized
in Fig. 13. Assume that maximum allowable Y-capacitance
Cy max and the CM chokes to be used are given prior to the de-
sign of AEF. The f,, frequency is just chosen to be sufficiently
lower than the low boundary of the CEs frequency range. The
equivalent capacitance of the CM noise source C),, can be ex-
tracted from the measured CEs of the EUT [32]-[34]. At step
1 of Fig. 13, Ciyp, Csens Chnj, and Cy are designed from (20),
(26), and (27). At step 2, the BJTs are chosen based on (28)
and (29), and the bias and output components of the AEF R},
R,, Rr, and Cp, are determined using (30)—(32). The damp-
ing circuits are then designed at step 3. The parallel resonance
frequency fes,p is calculated first, with the designed values of
Lem2, Csens Cinj, and Ryi,s using (39). The damping branch
composed of Ly, Ry, and C are designed using (40), (41),
and (43). Then, the other damping branches for R;, and Cj, are
determined using (38) and (42). After the prototype design of
the damping circuits, the stability of the overall filter with the
proposed AEF should be confirmed by checking the phase of the
loop gain. If the proposed AEF is unstable, the damping circuits
should be redesigned after increasing R;, or C},,. At step 4, the
surge protection circuits are employed according to the design
rules of (45)—(48).

The total EMI filter with the proposed AEF has been de-
signed according to the design flow, and then manufactured in
a printed circuit board (PCB) at a size of 53 mm by 53 mm, as
shown in Fig. 14. All component values in the proposed AEF are
summarized in Table I. In the proposed AEF, the high voltage
rating Y-type capacitors were used for the capacitors connected
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Fig. 14.  Photograph of the total EMI filter with the proposed AEF.

TABLE I
COMPONENTS VALUES OF THE PROPOSED ACTIVE EMI FILTER

Components Values

056117 Cinja Cl,, Cin}'n Cd(. 1.5nF, 1.5nF, 1 MF, 0.47 nF, 2.2 MF

Rbizts: Rp 33 kQ, 7.7k

Re, Rr, Cf 20,229,140 nF
Rhn Cin 200 Q, 5nF

Ry, Cy, Ly 330 ©, 30 nF, 200 uH
Lewt s Remt, Ccml 8 mH, 80 k2, 10 pF
LC[[127 R(511127 Cc1u2 1 mH, 4kQ, 16 pF

to the power lines Ciyj, Csen, and Ciy,p,, which have a relatively
large tolerance. It has been validated by simulations that the
performance and stability are rarely affected by the change of
Y-capacitor values within 20% tolerance. They are not main
contributors to the performance or stability of the AEF. The
circuit models of the CM choke are extracted using the VNA
measurements. The BJTs, KSA473 and KSC1173, and the surge
protection circuits, POKE22CA and VO5SE95P, have been used.
Vr1 and V)3 of the protection circuits are 22 and 150 V, re-
spectively. C); is set as 1uF. In the product example, a dc 18 V
supply voltage for the proposed AEF was available from the con-
trol board of the main power system, which is usually the case
in real products. Otherwise, a proper dc power supply should
be separately implemented for the AEF. When a dc of 18 V is
supplied for the power of the AEF, the average operating cur-
rent of the proposed AEF is measured as 16 mA. Accordingly,
the total power consumption of the operating AEF is about 288
mW in average. The power loss due to all passive resistors in
the AEF was also found by measuring the applied voltages at
each resistor, which was calculated as 12.4 mW. As a result, the
power loss due to the passive resistors is quite small as about
4.3% of the total power consumption of the AEF.

B. VNA Measurements for Performance Validation

The performance of an EMI filter can be estimated from
VNA measurements. The EMI filter with the proposed AEF is
compared to the filter with passive Y-capacitors. The value of
the passive Y-capacitor Cy is set as the sum of Cs,,, Ciyj, and
Cinp, which are utilized in the filter with the proposed AEF.

In the VNA measurements, the noise source and noise re-
ceiver are assigned as portl and port2, respectively, as shown in
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Fig. 15. (a) Schematics of a VNA measurement, (b) S2; parameter with the
proposed AEF and with the PEF, and (c) measured NA with the proposed AEF
and with the PEF.

Fig. 15(a). The Sy parameters representing the propagated sig-
nal from portl to port2 are measured and plotted in Fig. 15(b).
So1 simulated by SPICE is also plotted, validating the model-
ing accuracy up to 10 MHz. By employing an AEF in the EMI
filter instead of the passive Y-capacitor, Sy, is reduced by about
10-20 dB in a frequency range from 100 kHz to 6 MHz, as
shown in Fig. 15(b).

The NA can also be extracted from the Z parameters measured
by the VNA as

L Zusy +Zn
I Z12

where I) and I, represent the input currents at portl and 2, re-
spectively. The NA extracted from the VNA measurement is also
compared to that which was simulated by SPICE in Fig. 15(c).
The simulated NA is exactly the same as those calculated us-
ing (18) and (19). NAsgr is higher than NAy _.,, by about
10-20 dB in a frequency range from 100 kHz to 6 MHz, which
correlates with the Ss; comparison.

(49)

C. Measurement in a Real Application in a Product

The EMI filter with the proposed AEF was installed in front
of the 2.2 kW current resonance inverter in a commercial prod-
uct. For comparison, the filter with the passive Y-capacitors and
the filter without either the AEF or Y-capacitors have also been
tested in the same setup. The CM-CEs for all cases are mea-
sured by using LISN, CM/DM separator, and spectrum analyzer
in the frequency range from 150 kHz to 30 MHz, as shown in
Fig. 16(a). After applying the EMI filter with the proposed AEF
to the real product, the CEs are attenuated by about 5-25 dB
in the frequency range from 150 kHz to 6 MHz, as compared
to the case without any filter. The case of the EMI filter with
the AEF also shows less CEs than that with the Y-capacitors
by about 5-15 dB from 150 kHz to 6 MHz, which is consistent
with the results from VNA measurements. The EMI filter with
the proposed AEF has effectively reduced the CM-CEs below
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Fig. 16. (a) CM-conducted emissions measurement result and (b) BJT volt-

ages and currents measured during the lightning surge test.

the quasi-peak limit of the CISPR-Class B regulation, as shown
in Fig. 16(a). However, the EMI peaks at about 7 MHz are not
much decreased by the AEF. The high EMI peaks at a narrow
frequency band above several MHz are usually attributed to the
resonance between the noise source impedance and a shunt ca-
pacitance to the ground. Thus, the EMI filter can rarely suppress
the resonance, but is involved in the resonance. Accordingly, an
additional method should be necessary to suppress the 7-MHz
CEs under the regulations with a sufficient margin.

At the resonance frequency between the noise source
impedance and the EMI filter, the CEs are highly related to
the quality factor of the resonance path. Therefore, a damping
component suppressing the resonance can effectively reduce the
EMI peaks. A ferrite bead is commonly utilized as the damping
component [2]. An impedance mismatching filter consisting of
a CM choke and a resistor has also been introduced in [36].
Furthermore, adding a Y-capacitor at the LISN side is also a
possible solution to improve the NA at the high frequencies,
which modifies the total EMI filter topology of the L—-C—L con-
figuration to the double L—C filter.

The low-frequency CM-CEs are usually more difficult to re-
duce when using the passive EMI filters, which require larger
and expensive CM chokes. Hence, the proposed AEF has been
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designed in the purpose to demonstrate the reduction of CEs
predominantly in the low-frequency range. As a result, the CEs
have been effectively attenuated by the AEF without increasing
the leakage current and adding any bulky CM chokes.

To demonstrate the protection circuits, the BJT voltages and
currents were measured while the CM surge test was being
performed, as shown in Fig. 11. The 2 kV peak, 1.2 us /50 us
open-circuit voltage and the 8 s /20 us short-circuit current are
generated by the surge generator (UCS 500N) [35]. After the
CM surge voltage is excited, the voltages between the collector
and emitter at each BJT V¢ npn and Vie pnp fluctuate but do not
exceed Vr; due to the behavior of 77, as shown in Fig. 16(b).
The BIT collector currents 1., and I, are also induced
but do not exceed the rate of the BJTs.

Also, when the BJT collector current flows, Vie npn OF Vee pup
decreases near 0 V due to the voltage drop at R, as shown in
Fig. 16. Accordingly, the power dissipation at the BJTs is quite
low, falling below the safe operating area. Thus, the proposed
AEF can withstand the high voltage transient and behave well
after the surge tests.

D. Discussion

The performances and characteristics of several previous
AEFs are compared with the proposed AEF, as summarized
in Table II. The max attenuation of the AEF in the CEs mea-
surement ATT,, . is defined as

CEy /6
AT Ty = max </AEF(f)) .

CEy axr (f)

CEy joarr and CEy app are designated as the CEs with-
out and with the AEF, respectively. ATT,,.x of each AEF is
presented in Table II, based on the presented value in each
reference. The inductive coupling and capacitive coupling are
performed by using a transformer and capacitor, respectively.
Although the low-frequency boundary of the attenuation in the
proposed AEF is quite higher than those of the AEFs in [13]
and [17], the proposed AEF provides a higher attenuation in the
frequency range from 150 kHz to 7 MHz in the CEs regula-
tion range. Regarding the size, weight, and cost, the proposed
AEF should be the smallest, lightest, and cheapest, since the
low-cost BJTs with a low voltage rating are utilized without any
transformers, which is usually the most expensive component.
For example, the AEF in [17] includes a small core with the
diameter of 10 mm and the weight of 179 g, which is already
much heavier than the total weight of the proposed AEF, 19 g.
The proposed AEF can be very easily embedded inside a real
product without increasing the size and cost.

As mentioned in Section II-C, however, the leakage current
should be considered in the design of the proposed AEF. Also,
as another drawback as compared to the AEF in [17], the
proposed AEF requires a separate dc supply, although a proper
dc voltage is usually available from a control board in real
application products.
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TABLE II
COMPARISON OF PERFORMANCES AND CHARACTERISTICS BETWEEN AEFS

Sensing-injection Type  Bandwidth ATT,,,x Target Size and Benefits Drawbacks
type of Amp. [MHZz] [dB] EUT [kW] weight
[13] Inductive— Op Amp  0.010-6 30 1 Transformer, Active components ~ ATT. in a low-frequency Bulky and expensive
Capacitive dependent range transformer
Higher DOF in amp Additional dc supply
design
[14] Capacitive— Op Amp 0.150-10 12 0.2 Transformer, Active components  Low leakage current Bulky and expensive
Inductive dependent transformer
Higher DOF in amp Additional dc supply
design
[17] Capacitive— Push—pull  0.010-3 20 3.7 Transformer, Active components  ATT. in a low-frequency Bulky and expensive
Inductive Amp dependent range transformer
Standalone High-voltage BJT
[21] Inductive— Push—pull 0.150-10 20 3.7 Transformer, Active components  Low-voltage BJT Bulky and expensive
Capacitive Amp. dependent transformer
Additional dc supply
This Capacitive— Push—pull  0.150-6 25 2.2 Active components dependent Low-voltage BJT Leakage current
work Capacitive Amp.

Compact and light Additional dc supply

VI. CONCLUSION

The novel features of the proposed AEF can be character-
ized as 1) the push—pull amplifier with the low voltage rating
BITs, 2) transformerless, and 3) direct analog noise sensing.
The AEF was completely analyzed and expressed by the block
diagram based on a circuit analysis. The loop gain has been
effectively extracted from the block diagram to determine the
system stability.

Quantified practical design guidelines were rigorously de-
rived from the analysis with considerations for both performance
and stability. For practical applications in commercial products,
immunity to high voltage transient also was taken into account,
and the design rules of the protection circuits were presented.
The design flow of the AEF was built based on the extracted
design rules. The total EMI filter with the proposed AEF was
designed according to the design flow and implemented in a
compact size PCB. The performance of the filter with AEF was
verified with VNA measurements. The AEF was applied to a
commercial product with the 2.2 kW current resonance inverter,
and the CM-CEs were effectively attenuated by about 5-25 dB
from 150 kHz to 6 MHz without increasing the leakage current
or adding any bulky CM chokes. The immunity of the proposed
AEF was also demonstrated with the 2 kV CM surge tests.

Structurally, the transformerless AEF is free from the mag-
netic saturation caused by a high current and can be easily built
in a compact size. The proposed AEF shows promise in resolv-
ing the size and cost problems of the EMI filter due to CM
chokes, especially in high power applications. Since immunity
against high voltage transients was also verified, the proposed
AEF is ready to be applied in real-world fields.
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