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Abstract—This paper begins with an analysis of the common-
mode (CM) noise in a motor drive system. Based on the developed
CM noise model, two cancellation techniques, CM noise voltage
cancellation and CM noise current cancellation, are discussed. The
constraints and impedance requirements for these two cancellation
methods are investigated. An active filter with a feedforward cur-
rent cancellation technique is proposed, implemented, and tested,
and techniques to improve the performance of active filters are ex-
plored. It is found that due to the limitations of speed, power loss,
and gain bandwidth of active filters, active electromagnetic inter-
ference (EMI) filters are not good at suppressing high d:/dt or
high amplitude noise current. Hybrid filters that include a passive
filter and an active filter are proposed to overcome the shortcom-
ings of active filters. Hybrid EMI filters are investigated based on
the impedance requirements and frequency responses between the
passive and active filters. The experiments show that the proposed
active filter can greatly reduce noise by up to 50 dB at low frequen-
cies (LFs), and therefore, the corner frequency of the passive filter
can be increased considerably; as a result, the CM inductance of
the passive filter is greatly reduced. The power loss of the proposed
active EMI filter can be well-controlled in the experiments.

Index Terms—Active electromagnetic interference (EMI) filter,
common-mode (CM) noise, current-controlled current source,
hybrid EMI filter, motor drive.

I. INTRODUCTION

WITCHING-MODE power conversion systems generate
S conducted electromagnetic interference (EMI) noise, which
flows within power-feeding paths, and between the power con-
version systems and the ground. The noise flowing within the
power-feeding paths is usually called differential-mode (DM)
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noise, and the noise flowing between the power conversion sys-
tem and the ground is usually called common-mode (CM) noise.
Passive EMI filters, which include both CM and DM filters, are
usually used to attenuate both CM and DM noise. In CM fil-
ters, the CM capacitance of CM capacitors is usually limited by
safety standards, which specify the maximum leakage current
allowed to flow to the ground. Since the CM capacitance is lim-
ited by the leakage current, CM inductance could be as large
as several millihenries to achieve enough noise attenuation in
practical applications. Since the CM inductor must carry the full
load current, its size is very big in high-power applications. In
some applications, the leakage of the CM inductor is used as the
DM inductance for DM filters. However, mutual parasitic cou-
plings can be a problem [1]-[3]. Furthermore, the leakage of the
CM inductor is usually very small, so DM inductance may not
be large enough to achieve the required noise attenuation. Sep-
arate DM inductors are, therefore, used in many applications.
The sizes of DM capacitors can be big, since their capacitance
should be large enough to have low impedance to efficiently
bypass noise and handle a high ripple current. The capacitor
may also need to have a high-voltage rating for many applica-
tions. For motor drive systems, the switching frequencies are
usually not high, for example, below 20 kHz. EMI standards,
such as MIL-STD-461E and CISPR 11, concern EMI noise
starting from 10 kHz. Therefore, the corner frequencies of EMI
filters are usually below 10 kHz. Because of these, the sizes
of passive EMI filters are usually very big. In some applica-
tions, passive EMI filters can take up to half of the size of a
motor drive system. In order to reduce the size of the whole
system, the use of active EMI filters to reduce EMI noise has
been discussed in [5]-[11]. Ogasawara et al. [5] proposed a
CM noise voltage cancellation method using a coupled induc-
tor on the output of a motor drive. Julian ef al. [6] proposed
a method to reduce CM noise by adding a fourth phase leg
to the motor drive with a new modulation scheme. Viability
of active EMI filters for utility applications is analyzed in [8].
Active filters for ripple reduction in dc/dc converters were de-
signed in [9]. A nullification process is followed in [10] to
design active ripple filters. A hybrid EMI filter that includes a
planar passive filter and an active filter is analyzed and sim-
ulated in [7] for planar TV applications. Hybrid ripple filters
employing current injection or voltage injection are evaluated
and implemented for dc/dc converters in [11] and [12]. These
publications are very important to power electronics and EMI
research.
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Fig. 1. Motor drive system with CM parasitic capacitance.

For a hybrid EMI filter, the active filter part should be designed
to attenuate LF noise. The inductance and capacitance of the
passive filter can be reduced, since the corner frequency of the
passive filter is to be increased after the active filter suppresses
LF EMLI. The size of the passive filter can therefore be reduced.
The active filter can be implemented with the main control
circuits in the system. They can also be integrated into an IC,
and therefore, they do not take up much space.

This paper investigates active and hybrid EMI filters based
on a noise model, impedance requirements, output current capa-
bility, power loss, and frequency response. First, the CM noise
model for a motor drive system is studied. Active filters with
both voltage and current cancellations are analyzed based on the
power loss, size, and impedance requirements between the ac-
tive filter and noise sources. A CM active filter with feedforward
current cancellation is then proposed. Different techniques are
explored for improving the performance of the proposed active
filter. Hybrid filters are then investigated based on the impedance
requirements between the passive filter and the active filter. The
design of hybrid EMI filters is also discussed based on the fre-
quency response of the active and the passive filters. A CM
hybrid filter is finally built and tested in practical motor drive
systems. The experiments show that the proposed CM active
filter can achieve up to 50 dB noise attenuation at LF, a factor
of 300, with low power loss. The size of the CM passive filter
can be greatly reduced with the help of the developed active
filter because the passive filter does not need to attenuate LF
CM noise.

II. ANALYSIS OF CM EMI IN A MOTOR DRIVE SYSTEM

Fig. 1 shows a typical three-phase motor drive system. The
power is fed to the motor drive via a dc bus. Six insulated-
gate bipolar transistor (IGBT) switches drive a motor via a
shielded cable. The heatsink is grounded. The noise model of
motor can be represented using Cyir, Cyiro, Ly, and Cg,
where Cg is the parasitic capacitance between the windings
of motor and its frame. The frame is grounded via the shield
of the cable. There is CM parasitic capacitance Cy between
the collectors of the IGBTs and the heatsink, and a lumped
CM parasitic capacitance (not shown in the figure) between the
inner conductors of the cable and its shield. Line-impedance
stabilization networks (LISNs) are inserted between the motor
drive and dc source for EMI measurement.
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Fig. 2. CM noise model of a motor drive system. (a) Noise model. (b) Equiv-

alent circuit.

It is assumed that the electrical parameters within the three
phases are symmetrical. The CM noise model of the system
can be represented in Fig. 2(a). Based on the definition of CM
voltage, if V1, Vg, and Vi3 are collector voltages of the three
IGBT devices shown in Fig. 1, their average voltage Vi is
the CM noise source. The noise model of the cable can be
represented by a transmission line. High dv/d¢, which is caused
by the switching of IGBT switches, charges and discharges the
parasitic CM capacitance so that CM noise is generated. The
CM noise flowing through the parasitic capacitance Cy is Icpyo-
The CM noise flowing through the parasitic capacitance Cq in
the motor and the CM parasitic capacitance 3C¢s between the
inner conductors of the cable and its shield is Jcni. Iom 1S
the total CM noise that flows back to the dc bus via LISNs.
The CM impedance of two LISNs is Z119ns. ZL1sNs 18 usually
25 2 above 150 kHz and several ohms at 10 kHz. The equivalent
circuit for CM noise is derived in Fig. 2(b) based on the Thevenin
theorem.

In Fig. 2(b), Zcwm(s) is a complicated network. However, at
LFs, due to the high impedance of the parasitic capacitance,
Zcw(s) is the sum of all parasitic capacitance. In experiments,
the measured total CM capacitance is around 5 nF, and the
impedance is much higher than the LISNs’ impedance Z1,1sns
below 1 MHz. In experiments, it is found that the CM noise
from the motor and motor cable contributes to more than 90%
of the Icy.

The original CM noise Icno (s) flowing through LISNs with-
out any EMI filters inserted is given by

Ve (s)
Zom(s) + Zuisws
The performance of a filter on CM noise attenuation can be

evaluated by comparing the CM noise current flowing through
LISNs with the filter and the original CM noise Icao(S).

Icnvio(s) = (D

III. AcTIVE EMI FILTER FOR CM NOISE REDUCTION
A. CM Noise Voltage Cancellation

In Fig. 2(a), the measured CM noise is the voltage drop of
Icn on the LISNS. If the CM noise flowing through the LISNs

Authorized licensed use limited to: University of Florida. Downloaded on December 30,2020 at 05:41:55 UTC from IEEE Xplore. Restrictions apply.



1036
Motor
LISNs Cable -
Vewmea =Vaur  Vews . AAAAAA L/3 AAAAAAAAAAAAAAAAAA L/3 77777 [ 3Cw \
i ; / \
@ @ CT m“ - M'n.,.,“_rvv:], ,CG J‘
Z E I 3C, 3C. f A Ly /3 T 4
LISN oY L K e
- 3Cew T, :{lcw T
ICM—O S—
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Fig. 4. CM noise voltage cancellation. (a) Feedforward. (b) Feedback 1.
(c) Feedback 2.

is greatly reduced, measured CM noise would be greatly re-
duced. There are two possible methods for canceling CM noise.
One method is to cancel the CM noise voltage Vo in Fig. 2.
Ogasawara et al. [5] proposes a noise voltage cancellation on
the motor side to cancel the CM noise icyr1- The voltage can-
cellation discussed here is on the dc bus side. Fig. 3 shows the
principle of this cancellation method. The benefit of this cancel-
lation is that both the CM noise i¢\;1 and 2¢yo can be canceled.
In Fig. 3, a voltage source is generated by a cancellation circuit
and is in series with CM noise source V(. Ideally, the intro-
duced voltage source has the same waveform as Vg, but in
the opposite direction. The CM noise current in the LISNs is
canceled, since the net CM noise voltage is zero.

Fig. 4 shows three approaches for CM noise voltage cancel-
lation. Fig. 4(a) shows feedforward cancellation. Fig. 4(b) and
(c) shows two feedback cancellations.

For the feedforward cancellation in Fig. 4(a), the CM noise
voltage Vo is sensed and amplified A(s) times before being
injected into dc bus. As stated in Section II, Vo is the average
voltage of Vi1, Vo, and Vg in Fig. 1. The dc bus is the
reference potential for V. The CM current flowing through
the LISNs is given by

Ien(s) = (1= A(s))lemo (). ()

A(s) should approach unity to obtain the best cancellation.
For the feedback cancellation in Fig. 4(b), the CM noise voltage
drop on CM noise source Z¢ i (s) is sensed and amplified A(s)
times before being injected into the dc bus. It is worth noting
that the reference potential for this sensed CM noise voltage is
the ground, which is different from the feedforward case. The
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Fig. 5. CM noise current cancellation.
CM current flowing through LISNs is given by
Tono (s)
Icn(s) 3)

T 1+ (A(s)/[1 + (Zrisns/Zem(s))])

Equation (3) suggests that voltage gain A(s) should be high,
and the feedback cancellation is more efficient if the magnitude
of source impedance Zcy;(s) is not smaller than the LISNs’
impedance Z1 1N

|Zem (8)] = [ Zrisns] - 4)

For the CM noise source, this condition can usually be met
at LF since the impedance of the CM parasitic capacitance is
usually very high at LF. If the same method is used for DM
noise cancellation, the condition may not be met if there is a
large shunt capacitor before the active filters. Thus, it is preferred
to place a series inductor before this feedback active filter.

For the feedback cancellation in Fig. 4(c), the CM noise
voltage drop on the LISNs is sensed and amplified A(s) times
before being injected into the dc bus. It should be pointed out
that ground is the reference potential for this sensed CM noise
voltage. The CM current flowing through LISNs is given by

_ Icaio(s)
L+ (A(s)/[L + (Zem(s)/Zuisxs)])
Equation (5) shows that voltage gain A(s) should be high, and
the feedback cancellation is more efficient if the magnitude of
source impedance Zc () is not larger than LISNs’ impedance
Z118Ns

®)

Ion(s)

| Zem (5)] < [ Ziisns] - (6)

For the CM noise source, this condition usually cannot be
easily met at LF since the impedance of CM parasitic capaci-
tance is usually very high at LF. If the same method is used for
DM noise cancellation, the condition can be easily met if there
is a large enough shunt capacitor before the active filters.

Based on these analyses of two feedback cancellation
schemes, we can determine that each scheme has its own specific
applications. The feedback cancellation in Fig. 4(b) is appropri-
ate for noise with high impedance. The feedback cancellation in
Fig. 4(c) is appropriate for noise with low impedance. In con-
trast, feedforward cancellation does not have noise impedance
requirements.

B. CM Noise Current Cancellation

CM noise can also be canceled using a current source gen-
erated by a cancellation circuit, as shown in Fig. 5. In Fig. 5, a
current is generated between the ground and the dc bus. Ideally,
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Fig. 6. CM current cancellation. (a) Feedforward. (b) Feedback.

as long as the current source has the same waveform as the CM
noise current, the CM noise current flowing through the LISNs
is zero. There are two implementations for CM current cancella-
tion: feedforward cancellation and feedback cancellation. They
are shown in Fig. 6(a) and (b).

InFig. 6(a), the CM noise current is sensed on the noise source
side. The sensed current is amplified A(s) times and injected to
the dc bus with reference to the ground. The CM noise current
flowing through the LISNs is given by

B 1— A(s)
1= A(s)/ (1 + [Zom(s)/ Ziisns])

Equation (7) shows that current gain A(s) should approach
unity, and the feedforward cancellation is more efficient if the
magnitude of source impedance Zcyi(s) is not smaller than
LISNs’ impedance Z1,15ns

| Zem (8)] > | Zrasns]| - ®)

For a CM noise source, this condition can usually be met at LF
since the impedance of CM parasitic capacitance is usually very
high at LF. If the same method is used for DM noise cancellation,
the condition may not be met if there is a large shunt capacitor
before the active filters. It is, therefore, preferred to place a
series inductor before active filters using feedforward current
cancellation.

The feedforward cancellation demands only a unity current
gain for current amplifier. It is easier to achieve a wider band-
width than feedback cancellation; therefore, feedforward can-
cellation is used in the experiments performed for this paper.

In Fig. 6(b), the CM noise current is sensed on the LISNs’
side. The sensed current is amplified A(s) times and injected
to the dc bus from the ground. The CM noise current flowing
through LISNs is given by

I (s) Ieno(s). (1)

_ Icno (s)
1+ [A(s)/ (1 + [Zuisns /[ Zem (s)])]

Equation (9) shows that current gain A(s) should be high,
and this feedback cancellation is more efficient if the magnitude
of source impedance Zcy(s) is not smaller than the LISNs’
impedance Z1,1sNs

Icon(s)

9

|Zeni (8)| > | Zrisws| -

For a CM noise source, this condition can usually be met at LF
since the impedance of the CM parasitic capacitance is usually
very high at LF. If the same method is used for DM noise can-
cellation, the condition may not be met if there is a large shunt
capacitor before the active filters. Therefore, it is preferred to

(10)
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Fig. 7. Implementation of feedforward CM noise voltage cancellation.

have a series inductor before the active filters using feedback
current cancellation. The feedback cancellation demands a high
current gain for the current amplifier to achieve cancellation.
Since the gain bandwidth of the amplifier is limited, the band-
width of the current cancellation would be not as high as that of
feedforward cancellation.

C. Implementations of CM Active Filter

The proposed implementation for feedforward noise voltage
cancellation is shown in Fig. 7. In Fig. 7, a voltage divider
senses the CM noise voltage between the neutral point and
the dc bus. The voltage divider is composed of three R;s and
one Ry. Rs can be adjusted to compensate any mismatched
voltage gain in the cancellation. The voltage amplifier, including
the voltage divider and the transformer, has a unit gain. The
cancellation belongs to the type of feedforward cancellation
shown in Fig. 4(a). In contrast, if the sensed noise voltage is
between the neutral and the ground, the cancellation would
belong to the feedback cancellation method shown in Fig. 4(b).
In that case, the gain of the voltage amplifier should be high.

In Fig. 7, the voltage between the neutral point and the dc
bus is sensed and fed to the input of a class-AB amplifier. A
class-AB amplifier is a good tradeoff between efficiency, lin-
earity, and speed. The amplifier is a voltage follower with a
high-current-driving capability. The amplifier drives the primary
winding of a transformer (Lp). The secondary winding of the
transformer (Lg) is in series with the dc bus. By designing the
ratio of the voltage divider and the turn ratio of the transformer,
a voltage with the same waveform as the CM noise voltage can
be injected. The coupling polarity of the primary and the sec-
ondary windings should be designed to guarantee the voltage
cancellation, as shown in the figure.

In Fig. 7, the power supply voltage Vo of the cancellation
circuit is much lower than bus voltage Vpc. The output of the
voltage divider should be lower than V¢ to guarantee the nor-
mal operation of the amplifier. The turn ratio of the transformer
should compensate the voltage ratio of the voltage divider so
that the voltage gain of the cancellation circuit is equal to one.
This relationship can be represented using primary inductance
Lp and secondary inductance Lg as

2
Le _ (3R \" (11)
Lg Ry + 3R,
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One of the advantages for the implementation in Fig. 7 is
that widely available low-voltage-rating transistors and opera-
tional amplifiers can be used. However, there is a disadvantage to
this implementation. The transformer’s primary inductance can-
not be small, since small inductance leads to high magnetizing
current, and thus, high power loss on two transistors. Because
the high turn ratio of the transformer is needed to compensate
the voltage ratio of the voltage divider, the inductance of the
secondary winding is large. At the same time, the secondary
winding carries a full load current, so the cross-sectional area of
the winding is not small. As a result, the size of the transformer
would not be small. This contradicts the purpose of reducing
the size of EMI filters using active filters. Because of this, the
disadvantages of voltage cancellation are high power loss and a
large transformer size.

The CM current cancellations can be implemented, as shown
in Figs. 8 and 9. This paper proposes a current-controlled current
source to inject cancellation current between the dc bus and the
ground. The advantage of the proposed current source is that
the injecting point is toward the ground, so that an isolation
capacitor (C) can be used to isolate the active EMI filter from
the ground. Fig. 8 shows the feedback implementation and Fig. 9
shows the feedforward implementation.

In Fig. 8, a current transformer is used to sense CM noise cur-
rent on the dc bus. The transformer’s primary winding has only
one turn. If the secondary winding has n turns, the turn ratio of
the current transformer would be 1/n. The current transformer’s
size is much smaller than that of the voltage transformer for the
voltage cancellation in Fig. 7. The sensed current has a voltage
drop on R;. The voltage drop is fed to the input of an amplifier.
The output current of the amplifier is sensed on R». The sensed
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Fig. 10.  Current-controled current source used as an active filter.

signal is fed back to the input loop to be compared with the
sensed current on 7. The current gain of the active filter is
given by (12). The cancellation current is injected to the ground
via injection capacitor C. It should be noted that the power
ground of the amplifier is connected to the center tap of two
series C5s on the dc bus. The injected cancellation current can
therefore freely flow in the loop composed of the active filter,
ground, LISNs, and dc bus. The injection is between the center
tap of two Css and the ground. The injection point is on the
noise side, and the current-sensing point is on the LISNs side,
so the implementation in Fig. 8 is a feedback cancellation. The
proposed active filter in Fig. 8 is a current-controlled current
source, which is different from the open-loop current sources
proposed in some papers

Ry
A= iRy
In Fig. 9, the current is injected on the LISNs side and the
current-sensing point is on the noise side, and therefore, it is
a feedforward cancellation. As discussed previously, the gain
of the active filter should be equal to one, and therefore, the
condition in (13) should be met

=R

The more flexible current-controlled current source that is
finally proposed and used in experiments is shown in Fig. 10.
In Fig. 10, for feedback implementation, the gain of the current
source is given by (14). For feedforward implementation, the
condition for unit gain is given by (15). Here, again, n is the
turn ratio of the current transformer

(12)

n

13)

R1R4 1 1 R1R4
A= IR UL 14
R (RQ + 2R4> nRs Ry (14
R1R4 1 1 R1R4
= — 4+ — | = . 15
"= R, (RQ +2R4) Rs R s

It should be noted that the neutral voltage will be rebuilt with
reduced amplitude on injection capacitor C'. This is because
CM noise is generated when the neutral voltage charges and
discharges CM parasitic capacitance. On the other hand, the
current source, which has the same waveform as the CM noise
current, charges and discharges the injection capacitor C'. It is
a reverse process, so the neutral voltage is rebuilt on injection
capacitor C' with reduced amplitude. As a result, the value of C
should meet the condition given in (16) to guarantee the output
of the current source is not saturated by the limited power supply
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The value > Ccy in the aforementioned equation is the total
CM parasitic capacitance, which includes the parasitic capaci-
tance in the motor drive, cable, and motor.

Active EMI filters can be directly used to reduce EMI noise
when the noise is relatively low so that no significant power loss
is introduced by active filters. When the noise is high, passive
EMI filters should be introduced before the active filters to
reduce the noise. EMI filters, including both passive and active
filters, are called hybrid EMI filters. Furthermore, due to the
limitations of slew rate, phase shift, and gain bandwidth, active
EMI filters are supposed to suppress noise at relatively LFs.

C >

(16)

IV. EXPERIMENTS ON ACTIVE FILTERS

This section describes the experimental implementation of the
current-controlled current-source active filter shown in Fig. 10.
The current transformer is made using a ferrite toroidal core.
For a good current transformer design, the reflected resistance
from the secondary side to the primary side should be much
smaller than the impedance of the magnetizing inductance of
the primary winding, so that the magnetizing inductance would
not affect the current sensing. This condition is given by (17). In
experiments, W material with a relative permeability of 10000
from Magnetics Company is used for the core. The core’s model
number is 42507TC. The winding has 100 turns and is made
using wire AWG 34

% < |jwLp|. (17

The inductance Lp is around 8 p/H, which corresponds to an
impedance of 502 mS2 at 10 kHz. On the other hand, the reflected
resistance is around 1.152 m2 (R; is 10 2 and resistance of the
secondary winding is 1.52 2). The condition in (17) is met. The
resistance of the secondary winding should be much smaller than
R1 to reduce its effects on current sensing. However, its effects
can be compensated by adjusting the gain of the amplifier. The
isolation capacitor has a capacitance of 100 nF in experiments.

The active filter is measured using a signal generator and an
oscilloscope. The measurement results are shown in Fig. 11. The
peak—peak value for the waveforms in Fig. 11 is 400 mA, and
the frequency is 100 kHz. The top waveforms are excitations
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and the bottom waveforms are output currents. Fig. 11(a) shows
the triangular-wave response, and Fig. 11(b) shows the square-
wave response. The triangular-wave response is pretty good, but
there is ringing observed on square-wave responses at the rising
and falling edges.

The active filter is then tested in a motor drive system. In
experiments, a 2.5-kW motor drive system with a switching fre-
quency of 12 kHz is tested. The CM noise current waveform is
first measured without any EMI filters inserted. The measured
waveform is shown in Fig. 12. The CM noise spikes have an am-
plitude of 2.5 A with a slope of 7.2 x 10% A/s. The experiments
show that the active filter cannot accurately follow such a high
amplitude and high d¢/d¢ current. This verifies that active EMI
filters are not good at suppressing high di/d¢ and high-amplitude
CM noise spikes. Therefore, using a small passive EMI filter be-
fore an active filter to reduce the amplitude and di/dt¢ of the CM
current is a good approach.

V. IMPROVEMENT OF ACTIVE FILTER PERFORMANCE

To maximize the benefits of the active filter on the reduction
of the passive filter size, the active filter’s performance must be
optimized before it can be integrated with a passive filter. Its
performance can be improved in terms of the following four
aspects: increasing output current capability, eliminating HF
ringing, reducing power loss, and fine-tuning cancellation gain.

A. Increase Output Current Capability

With increased output current capability, the active filter can
suppress higher noise than those with smaller current capabil-
ities. It may, therefore, be solely used to suppress LF noise so
that a passive filter will handle HF noise only. The size of a
passive EMI filter would be reduced since its corner frequency
is greatly increased.

In order to increase output current capability, the limitation
of the output current is analyzed in Fig. 13 and

TcanceMax = ﬁIBMax (18)
2(Vee — Vo
Ippiae < 2000 Ton) (19)
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Fig. 13.  Analysis of the output current capability of the developed active filter.

In Fig. 13, the maximum output current [.,,celmax Of the
active filter is determined by the current gain 3 and the maximum
base current Ipyax Of the transistors, as shown in (18). At
the same time, the Ip,.x 1S determined by the maximum bias
current shown in (19). In (19), V¢ is the power supply voltage
and V., is the voltage drop of the diode p-n junction. From
(19), in order to increase the current capability, R5 should be
reduced. In experiments, when two Rjs are reduced 3.2 times,
the output current capability increases by around three times.
To keep two transistors in class-AB mode, the voltage drops
of the bias diodes should not increase when the two Rss are
reduced. In order to achieve this, higher current-rating diodes
can be used, or alternatively, more diodes can be paralleled.

B. Reduce Power Loss

The power stage consumes most of power of the active filter,
although it works in class-AB mode. Low power loss would
benefit the system efficiency and power density.

It should be noted that the cancellation current /., itself
would not generate power loss on isolation capacitor C' since it
is a reactive component. Furthermore, in Fig. 6(a), after the CM
noise is canceled, I\ () is zero, so the noise voltage drop on
the LISNSs side is zero. This means, ideally, I..,c.; would not
cause any extra power loss outside of the active filter. The only
power loss comes from the active filter itself.

Based on circuit theory, it can be derived that, for an ideal
class-AB amplifier with the capacitor load shown in Fig. 10, if
the output is not saturated, the power loss of two transistors is

Ploss = VCCTcancel (20)

where 1., is the average of the absolute value of cancellation
current.

The actual loss may be a little bit higher, depending on the bias
current. There are also other power losses caused by components
like the operational amplifier and the bias circuit. However,
the power loss from the two transistors is dominant when the
noise current is higher than the sum of the bias current and the
current drawn by the operational amplifier. The power loss in
(20) is proportional to the product of the average cancellation
current and power supply voltage V. Since the cancellation
current is the same as the noise current, only the power supply
voltage can be reduced to reduce power loss. The minimum
Ve is the voltage at which the output is on the boundary of
being saturated. It is equal to the maximum voltage on isolation
capacitor C plus Vj,, the voltage drop between base and emitter,
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TABLE I
MEASURED POWER LOSS OF AN ACTIVE FILTER
tVCC | Teowr @ 100kHz |  Pros
(Sinusoidal wave)

+15V 128mA 2.34W
64mA 1.32W
8BV 128mA 1.20W
64mA 640mW
5V 128mA 750mW
64mA 390mW

Cco*m) -

Fig. 14.  Eliminate the ringing using compensation.

of the transistors. As stated before, the voltage on the isolation
capacitor is the integration of I.,,cc on isolation capacitor C.
Either a small .., Or a large capacitance C' can lead to small
voltages on isolation capacitor C', which leads to a small V¢
and small power loss. Different applications may have different
requirements for the largest capacitance between the dc bus and
the ground. However, it should be mentioned that the behavior
of isolation capacitor C' in this active filter is different from that
of a directly grounded capacitor, since its current is controlled
by the active filter instead of the voltage between the bus and
the ground. Thus, even if this active filter works for an ac bus,
the isolation capacitor would not generate leakage current as a
directly grounded capacitor does.

Table I shows a measured power loss of the active filter with
different values for Voe and Ieapcer. The power loss is propor-
tional to the product of noise current Teancel and Voo, which
verifies the analysis mentioned previously.

Based on the aforementioned analysis, the power loss can be
reduced by reducing V¢ as long as the output is not saturated.
In a practical application, depending on the noise level, V¢ can
be adapted to a certain level to minimize the power loss and at
the same time keep the active filter working properly.

C. Phase Compensation to Eliminate HF Ringing

Due to the insufficient phase margin in the active filter, a
3.3-MHz ringing is observed in the square-wave response test
shown in Fig. 11(b). This ringing will be injected to the system;
as a result, there will be a noise peak at 3.3 MHz. The gain or
phase of the active filter must be compensated to eliminate this
ringing. A phase-lead compensation is introduced by simply
paralleling two compensation capacitors CeompS With two Rys,
as shown in Fig. 14. C;o1p, and Ry introduce a corner frequency
at 2.1 MHz. This leads to a more than 50° phase margin, which
eliminates the ringing at 3.3 MHz. The compensation capacitor
cannot be too large; otherwise, the active filter’s bandwidth
could be limited.
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400mA

(@ (b)

Fig. 15. Ringing is eliminated with compensation. (a) Before compensation.
(b) After compensation.

30mm

Fig. 16.  Prototype of the developed active filter.

The comparison of square-wave responses before and after
compensation is shown in Fig. 15. This figures shows that the
ringing is eliminated after compensation.

D. Fine-Tuning Gain for Better CM Noise Cancellation

Equation (15) describes the design of an active filter with
feedforward current cancellation. In a practical design, all re-
sistors have tolerance; furthermore, the secondary winding of
current transformer has resistance, which may not be ignored
when comparing to 10 € resistance of ;. Because of these,
the gain of an active filter would not be exactly equal to one;
therefore, it cannot achieve the best cancellation. If the resistor
tolerance and winding resistance can be compensated by ad-
justing the resistance of R, R3, or Ry, the cancellation can be
improved. In experiments, the resistor Rj3 is finally adjusted to
achieve better cancellation.

Fig. 16 shows the prototype of the active filter. Its size would
be even smaller if surface mount components were used.

VI. HYBRID CM EMI FILTER DESIGN

As discussed in Section IV, passive filters should be used
before active filters to reduce the amplitude and the di/d¢ of
the CM current so that the active filters can work properly. For
the typical CM noise current shown in Fig. 12, Fourier analysis
shows that the amplitude of LF harmonics is much smaller than
the amplitude of the CM noise current. If a passive filter can
attenuate the HF noise, the active filter can easily handle the LF
noise. This concept can be described using insertion loss in the
frequency domain in Fig. 17.

In Fig. 17, the active filter attenuates LF noise, and the passive
filter attenuates the HF noise. In the middle frequency range,
both the active and passive filters attenuate noise. Because the
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Fig. 17. Insertion loss of the active and passive filters in a hybrid EMI filter.
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Fig. 18. Hybrid EMI filters with voltage cancellation. (a) Feedback 1.
(b) Feedback 2.

passive filter does not need to attenuate LF noise, its corner
frequency can be greatly increased. As a result, the passive
filter’s size is significantly reduced.

The principle of the impedance requirement discussed in
Section III still applies to hybrid EMI filters. As discussed in
Section III, different active EMI filters have different require-
ments for impedance. Because of this, hybrid EMI filters should
be analyzed based on the impedance relationship between active
filters and passive filters. Two cases are analyzed here. For the
first case, there is a passive filter in the first stage and an active
filter in the second stage. For the second case, there is a passive
filter in the first stage and a passive filter in the third stage.
An active filter is in the second stage. Based on the impedance
requirements derived in Section I1I, Figs. 18-21 show some pos-
sible structures for hybrid EMI filters. For voltage cancellations,
two feedback methods are analyzed. For current cancellations,
both feedforward and feedback are analyzed.

For the feedback voltage cancellation shown in Fig. 18(a),
the active filter requires high output impedance from the passive
filter. If the impedance of Cryyo is smaller than the impedance
Z1,1sns Within the interested frequency range, Coyo would not
be preferred, since it degrades the performance of the active
filter. In this case, series inductor Ly, would be preferred
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Fig. 19. Hybrid EMI filters with current cancellation. (a) Feedforward.
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Fig. 20. Hybrid EMI filters with voltage cancellation. (a) Feedback 1.
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Fig. 21. Hybrid EMI filters with current cancellation. (a) Feedforward.
(b) Feedback.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 25, NO. 4, APRIL 2010

LISNs Motordrive Module

Motor

- l Cable

2<

— - ghmsmnwnu‘ne }
E{i M (Cable)

73

v

7
I

H
¥
i

114

6xCex

Fig. 22.  Developed hybrid EMI filter used in a motor drive system.

because it helps to increase the output impedance of the passive
filter.

For the feedback voltage cancellation shown in Fig. 18(b), the
active filter requires low impedance from the passive filter. The
shunt capacitor Ccy2 would be preferred since it helps reduce
the output impedance of the passive filter.

In Fig. 19, both feedforward and feedback current cancel-
lations require high output impedance from the passive filter.
For the same reason as in Fig. 18, shunt capacitor Ccy2 would
not be preferred if its impedance is smaller than the impedance
Z118Ns Within the interested frequency range. Series inductor
Lo is preferred since it helps increase the output impedance
of the passive filter.

Figs. 20 and 21 show a different structure of hybrid filters.
The first and the third stages are passive filters, and the second
stage is an active filter. For the feedback voltage cancellation in
Fig. 20(a), the output impedance of the passive filter in the first
stage should be larger than the input impedance of the passive
filter in the third stage. For the feedback voltage cancellation
in Fig. 20(b), the output impedance of the passive filter in the
first stage should be smaller than the input impedance of the
passive filter in the third stage. The shunt capacitors Ccpre in
Fig. 20(a) and C¢\r3 in Fig. 20(b) would not be preferred if their
impedances could not meet these impedance conditions.

For the feedforward current cancellation in Fig. 21(a) and
the feedback current cancellation in Fig. 21(b), the output
impedance of the passive filter in the first stage should be
larger than the input impedance of the passive filter in the third
stage. The shunt capacitor Ccyrz would not be preferred if its
impedance were not higher than the input impedance of the
passive filter in the third stage.

Active filters help to increase the corner frequencies of passive
filters, which results in a smaller filter size. If the size reduction
of the passive filters is more than the size increase due to the
active filters, the total size of the hybrid EMI filters would be
reduced. Since most of the components in the active EMI filters
can be easily integrated into an IC or with IGBT modules, the
size increase would be small. As a result, it is possible to reduce
the total size of the hybrid filters.

Fig. 22 shows an application of a hybrid EMI filter in a
2.5-kW motor drive system with a switching frequency of
12 kHz and a 300 Vg4, bus. The feedforward current cancel-
lation active filter developed in Sections III-V is used in the
hybrid filter. In Fig. 23, a one-stage passive EMI filter is used
before the active filter. The filter inductor uses three nanocrys-
talline cores in parallel. The nanocrystalline core is FT-3KM

Authorized licensed use limited to: University of Florida. Downloaded on December 30,2020 at 05:41:55 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: INVESTIGATION OF HYBRID EMI FILTERS FOR COMMON-MODE EMI SUPPRESSION IN A MOTOR DRIVE SYSTEM

2XC ¢y = 2x100nF

EV4IR

'YYY\

Active
EMI Filter

(::I CDMT TC (::] Motor drive
DM

LDM
L= 300uH, 75uH

Fig. 23. Passive EMI filter used in the hybrid EMI filter.

Active + Passive filter

Active filter§ Passive filter

130

120 __ Original |
= 4
= 110 1
[=2]
T 100 -
€ 90 ¥~
2
z 80 1
%
S 704
60
50 T
40
1.0E+04 1.0E+05 1.0E+06 1.0E+07
Frequency (Hz)
Fig. 24. Comparison of the measured CM noise.

K1208 A from Metglas, Inc. At LFs, nanocrystalline has higher
permeability and saturation flux density than ferrite, and there-
fore, the size of a nanocrystalline inductor is smaller than that
of a ferrite inductor. All CM component values are shown in the
figure. As stated in Section II, at LFs, the CM source impedance
of the motor drive is a parasitic capacitance Cg (5 nF). The
output impedance of the CM filter is therefore

1
w(2Cem + CS)

where Rj,ss 1S the equivalent resistance for the power loss in
the inductor, capacitor, and the CM noise path. Because Z1,15n
is only several ohms at 12 kHz, the output impedance of the
passive filter meets the condition in (8).

The EMI measurement is carried out with the same setup as
that used in Fig. 22. The CM noise is measured with the help of
a noise separator [13]. The CM noise is first measured without
any filters applied. In the second step, the passive EMI filter,
which has a 300-pH CM inductance, is inserted into the dc bus
between the motor drive and LISNs. The CM noise is measured.
In the third step, the feedforward current cancellation active filter
developed in Sections IV and V is connected between the passive
filter and LISNs. The CM noise is measured. The measured CM
noise of each step is compared in Fig. 24.

Fig. 24 shows that noise attenuation below 40 kHz is achieved
only by an active filter. Noise attenuation between 40 kHz and
2.5 MHz is achieved by both active and passive filters. Noise
attenuation above 2.5 MHz is achieved by the passive filter
only. This is same as described in Fig. 17. At 12 and 36 kHz, a
39-dB attenuation is achieved by the active filter. As a compar-
ison, if there is no active filter applied, the passive filter needs

| Zout| = ‘j {WLCM — } + Ripss|  (21)
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Effects of magnetic material on hybrid filters: nanocrystalline versus

to have an 85.8-mH CM inductor to achieve the same atten-
uation at 12 kHz. The size of an 85.6-mH inductor would be
much larger than the size of a 300-pH inductor; therefore, by
using a hybrid filter, it is possible to reduce the filter’s total
size.

Time domain waveforms are also measured and compared in
Fig. 25. In Fig. 25, three waveforms are compared. The first
waveform is the CM noise current after the passive filter. The
second waveform is the injected cancellation current. The third
waveform is the CM current after the hybrid filter. Fig. 25 shows
that the cancellation current can accurately follow the CM cur-
rent, so that the CM noise is greatly reduced.

In the experiments, the active filter works for either £8 or
415 V V. The power loss of the active filter is around 1 W
for £8 V and 2 W for +15 V. Compared with a 2.5-kW system
power, it is negligible. The power loss can be further reduced
by increasing the capacitance of the isolation capacitor. For
example, if the capacitance is increased by two times, the =5 V
can be used for Ve the power loss can thus be reduced to
0.7 W.

The EMI standard MIL-STD-461E is also shown in Fig. 24.
In the middle frequency range, the CM noise is higher than the
limit line. Further investigation disclosed that the permeabil-
ity of nanocrystalline drops very fast as frequency increases.
This leads to a lower inductance than a ferrite core in the mid-
dle frequency range. Fig. 26 shows the comparison between
nanocrystalline core and ferrite core. Although ferrite induc-
tor has a smaller inductance than nanocrystalline inductor (240
versus 300 p©H) at 12 kHz, it has a better performance in the
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middle frequency range because the permeability of nanocrys-
talline drops too much. The purpose of the measurement here
is to verify the principle discussed in this paper. In order to
adapt the filter to certain applications, the passive filter used
here should be further improved. A hybrid magnetic material
approach has been investigated recently to include the benefits
of both nanocrystalline and ferrite, but it is out of the scope of
this paper.

The hybrid filter prototype with the nanocrystalline core is
further tested in the project sponsor’s EMI laboratory. Fig. 27
shows the measured CM noise current with and without the
hybrid filter. Around 50 dB, attenuation of a factor of 300 is
achieved by the active filter at the first noise peak, as shown in
Fig. 27.

In the last experiment, the CM inductance in the passive filter
is reduced to 75 pH (nanocrystalline core). The CM noise with
the passive filter and with the hybrid filter is measured and
compared with the original noise in Fig. 28.

Fig. 28 shows that the noise attenuation below 100 kHz is
almost achieved by just the active filter. Noise attenuation be-
tween 100 kHz and 3 MHz is achieved by both the active and
passive filters. Noise attenuation above 3 MHz is achieved by
the passive filter only. The active filter achieves 38 dB attenua-
tion at 12 kHz. On the other hand, the passive filter plays a major
role above 200 kHz. Once again, the nanocrystalline inductor
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does not perform well in the middle frequency range since its
permeability drops fast as frequency increases.

The measured time-domain waveforms are shown in Fig. 29.
The active filter can properly follow the CM noise, so the CM
noise after the hybrid filter is greatly reduced.

In this section, after first investigating hybrid filters based on
the frequency response of the active and the passive filters, the
impedance requirement between the passive and active filters,
and the structures of the passive filters, a hybrid filter, which
includes the active filter developed in Sections IV and V and a
passive filter, is built and tested in practical motor drive systems.
Experimental results show that the proposed hybrid filter can
achieve good performance from LF to HFE. The inductance of the
passive filter can be greatly reduced because the active filter can
greatly reduce the LF noise. As discussed in previous sections,
most of the components in the active filter can be integrated into
an IC or with the main motor drive circuit, so that the CM EMI
filter’s size could be greatly reduced.

The analysis of the active filter in this paper can be applied to
any motor drive systems with different dc sources. When the dc
source is a three-phase ac/dc rectifier, attention should be paid
to the design of the HF passive filter so that it would not be
saturated by the LF CM current generated by the ac/dc rectifier.

VII. CONCLUSION

In this paper, the CM noise model of a motor drive system was
first investigated. Based on the developed CM noise model, both
CM voltage and CM current cancellations were analyzed. The
impedance requirements of the noise source, load, and active
EMI filters were investigated. A high-performance active filter
was proposed and optimized from output current capability,
power loss, phase compensation, and the accurate gain of the
active filter. The impedance requirements between the active
filter and the passive filter in a hybrid filter also was investigated.
A high-performance hybrid filter was finally built and tested in
motor drive systems. The testing results verified the theoretical
analysis and the design of the active and hybrid filters proposed
in this paper.
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