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Abstract—TIn this paper, three-phase noise is first analyzed using
symmetrical component theory. Three-phase noise separators are
modeled and characterized using symmetrical component theory
and S-parameters. The critical formulas used to evaluate a three-
phase noise separator are derived. A function scheme and a circuit
structure for three-phase noise separators are proposed based on
the theory developed. The technique to design a high-performance
three-phase noise separator is explored. A three-phase noise sepa-
rator prototype is finally built, measured, and evaluated using the
theory developed in this paper. The prototype is used in a practical
three-phase power electronics system for electromagnetic interfer-
ence measurement.

Index Terms—Bifilar winding, common-mode rejection ratio
(CMRR), common-mode transmission ratio (CMTR), differential-
mode rejection ratio (DMRR), differential-mode transmission
ratio (DMTR), electromagnetic interference (EMI), noise separa-
tor, scattering parameters, symmetrical component theory, three-
phase, transmission line transformer, trifilar winding.

I. INTRODUCTION

HREE-PHASE power electronics systems are very pop-
T ular in high-power applications. However, because of the
high currents, high-current ripples, high dv/dt, and large para-
sitic parameters in these power electronics systems, the electro-
magnetic interference (EMI) noise is hard to control. The size of
the EMI filters can be significant. It may take up to half the size
of the whole power electronics systems. Conventionally, EMI
noise can be decoupled to differential-mode (DM) and common-
mode (CM) noise. DM and CM filters are used to suppress DM
and CM noises, respectively. How to optimize the EMI filter
design so that its size can be minimized is an important research
topic [1]. One of the approaches to optimize filter design is
to design EMI filters based on the measured EMI noise. How-
ever, the conventional measurement method cannot differentiate
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Fig. 1. EMI noise measurement setup for a three-phase power electronics

system.

DM and CM noises; as a result, the measurement results can-
not effectively help engineers do an optimal filter design. This
paper will first characterize three-phase noise separators using
network theory. A three-phase noise separator is then proposed
and designed. Experiments are carried out to evaluate the noise
separator based on the developed theory. The designed noise
separator is finally used in an EMI measurement for a practical
three-phase power electronics system.

A typical EMI noise measurement setup for a three-phase
power electronics system is shown in Fig. 1. Parasitic capac-
itances, especially the parasitic capacitance Cc; between the
high dv/dt nodes and the ground, offer paths for CM noise.
The CM noise 3Ly comes back to the system through 50-2
terminations and line impedance stabilizing networks (LISNs).
DM noises Ipmi, Ipnmz, and Ipys also flow through LISNs
and 50-() terminations. Here, 50-2 terminations can either be
the input impedances of a spectrum analyzer or standard 50-2
terminators. The DM or CM noise voltage drops on a 50-2
resistance are defined as DM or CM noise voltages.

In Fig. 1, the noise voltage drop V1, V2, or V3 on one of the
50-Q) terminations is defined as the total noise on phases 1, 2, or
3, and it is the vector sum of CM and DM noise voltages on each
phase. The CM and DM noise voltages can then be calculated
as

Vi+Vy+V
Vom| = | ————| = 50[Icm| (1)
2V, -V, -V
[Vbmi| = [Vi — Veum| = ’1323 =50 Ipm1 |
(2)

0885-8993/$26.00 © 2011 IEEE

Authorized licensed use limited to: University of Florida. Downloaded on December 30,2020 at 05:28:26 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: CHARACTERIZATION AND DESIGN OF THREE-PHASE EMI NOISE SEPARATORS

AC Source LISNs
Vst e
~ Vsp . 3-Phase
L
o Yss F sl EUT
L=LL L LcC =C =C
-\-_'<’7_ loutlous % lewtlowzd leu+lous Com isl
cM
w 50Q
;..7—’;3 Vew!VomtVome/Vowms
500 3-Phase
V., 24 Noise v, I
Separatory
V, > N
%i_ﬂ Spectrum
' Analyzer
500
Fig. 2. Using a three-phase noise separator to separate DM and CM noises.

[Vbmz| = [V2 = Vem| = ‘2\/2_3\71_“ =50 |Ipmz|
3)

[Voms| =[Vs — Vem| = ‘W =50 [Ipms| -
“4)

Fig. 2 shows an EMI noise measurement setup with a three-
phase noise separator. There are three input ports and one output
port. Three input ports have 50-2 input impedances terminating
LISNs. Output is terminated by the 50-2 input impedance of a
spectrum analyzer. The output of the noise separator could be
the CM noise Vo, phase 1 DM noise Va1, phase 2 DM noise
Vbwma, or phase 3 DM noise Vprs.

In order to separate DM and CM noises, the noise separator
should satisfy three requirements.

1) Input impedances are always real 50 (2 and are indepen-

dent from noise source impedances.

2) The output of the CM noise is [(V1 + Va2 + V3)/3], the
output of the DM noise for phase 1 is [2V1 — Vo —
V3)/3|, for phase 2 is |[(2Vs — V1 — V3)/3|, and for
phase 3 is |[2V3 — V1 — V)/3|.

3) Leakage between the CM and the DM at the output should
be small.

The requirement: 1) guarantees consistent measurement con-
ditions and accurate sampling of noise voltage; 2) guarantees
correct noise separation; and 3) guarantees small interference
between the CM and DM noise measurements.

The first requirement can be characterized using network
parameters, such as the reflection coefficient in wave theory.
The second requirement can be characterized by the transmis-
sion coefficient of noise separators. The DM transmission ratio
(DMTR) for the DM noise separator and the CM transmission
ratio (CMTR) for the CM noise separator are two parameters
that need to be characterized and evaluated. They have been
defined and discussed in [2] for two-phase noise separators as
follows.

For a CM noise separator

VCM,out
CMTR = | ———|.
VeMiin

(&)
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For a DM noise separator

VDM,out

DMTR = (6)

VDM _in

In (5), Ve _in 18 the CM voltage excitation fed to the inputs
of a CM noise separator. The CM voltage excitation added to
each input port. Vonm _out 1S the voltage response at the output
of this CM noise separator due to Vo _in- In (6), VDM _in
is the DM voltage excitation fed to the inputs of a DM noise
separator. Vpn _out 1S the voltage response at the output of this
DM noise separator due to Vpnr_in. From (5) and (6), the ideal
CMTR and DMTR should be 0 dB. Different from two-phase
DM noise separators, a three-phase DM noise separator has two
different DMTRs for each phase. This will be discussed in detail
in Section II.

The third requirement can be characterized by two param-
eters: the DM rejection ratio (DMRR) and the CM rejection
ratio (CMRR). They have been defined and discussed in [2] for
two-phase noise separators as follows.

For a CM noise separator

\4 u
DMRR = |~ CM-out | g (7
VDM_in
for a DM noise separator
A%
CMRR = | =24t ®)
VeMmiin

where Vpn_in 1S the DM voltage excitation fed to the inputs of
a CM noise separator, Vconm _out 1S the voltage response at the
output of this CM noise separator due to Vpni_in. VOM _in 1S
the CM voltage fed to the inputs of a DM noise separator, and
VDM _out 1 the output voltage of this DM noise separator due to
Ve _in- DMRR and CMRR should be as small as possible. On
the other hand, a three-phase DM noise separator has a CMRR
for each phase and a three-phase CM noise separator has two
different DMRRs. This will be discussed in detail in Section II.

Appropriate network parameters need to be introduced to
characterize and evaluate noise separators using the three re-
quirements. Scattering parameters (S-parameters) are selected
in this paper because of three reasons. First, frequency-domain
characterization of network employing [Z], [Y], [H], and
[ABCD] parameters often requires either a short circuit or an
open circuit at one port, which is difficult to achieve in the high
frequency (HF) range because of parasitic parameters [3], [4].
On the other hand, for S-parameters, no short or open circuit is
needed. Second, S-parameter method can be calibrated to the
exact points of measurement, so that the effects of parasitics due
to measurement interconnects are excluded. For [Z], [Y], [H],
and [ABCD] parameters measurement, expensive special probes
may be needed for calibration. Third, .S-parameters are analyt-
ically convenient and capable of providing a great insight into
a measurement or design problem [4]. Thanks to S-parameters,
the powerful signal flow graph can be used for network analysis
with clear physical concepts.
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Fig. 3. Unbalanced three-phase noise voltage is decomposed to CM, positive
and negative sequence DM voltages.

II. CHARACTERIZATION OF THREE-PHASE NOISE SEPARATORS

This section will first discuss the transmission and rejec-
tion ratios for three-phase noise separators. The three-phase
noise separator is then characterized using S-parameters. The
transmission and rejection ratios are finally derived using
S-parameters.

A. Transmission and Rejection Ratios of a Three-phase
Noise Separator

Similar to two-phase noise separators, three-phase and mul-
tiphase noise separators can also be evaluated using transmis-
sion and reflection ratios. For the three-phase noise separator in
Fig. 2, the three-phase noise voltage set added to the input ports
has 6 DOF because the magnitude and phase of each phase are
independent from others. Because of this, the parameters used
to characterize a three-phase noise voltage set must have 6 DOF.
Based on symmetrical component theory, an unbalanced three-
phase voltage set can be decomposed to a zero-sequence voltage
set VO, VO VY; a positive sequence voltage set, V;*, V,", V375
and a negative sequence voltage set, V|-, V,, V5. Each set has
2 DOF so there are 6 DOF in total. The symmetrical component
theory is applied to the three-phase noise analysis in (9). The
CM and DM noises added to the input ports of the three-phase
noise separator are represented with zero, positive, and negative
sequence voltage sets in (10) and (11). From (10), the CM noise
voltage is the same as zero-sequence noise voltage. From (11),
the DM noise of each phase is the sum of the positive sequence
and negative sequence noise voltages. The relationship can be
shown in Fig. 3, where Vi, ;. and Vj,, ;, are positive and
negative sequence voltage sets

Vi Ve Vi Vi
Vo | = VO 4|V |+ Vs ©)
V3 V() V3+ VS_
Vi+ Vo + V5
Vemiin = % =V’ (10)
VbMi_in Wi VoM _in Vit Vi
Vomosin | = | Vo | = | Veron | =] V5" |+ Vo
VbMma_in Vs VoM _in Vi Vi
(11)
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The CM or DM output of a three-phase noise separator can
be calculated as

Ver_out = CMTR x Vet _in (12)
VDM1 out DMTR; x Vi* DMTR; x V|~
Vbmzout | = | DMTRS x Vo' | + [ DMTR; x V,
VDM3 out DMTRZ x V5" DMTR; x V;~

(13)

In (12), CMTR is the CM transmission ratio. In (13), be-
cause positive and negative sequences are independent from
each other, each phase has a positive sequence transmission
ratio and a negative sequence transmission ratio.

Based on (12), the CMTR for a CM noise separator can be
calculated as

CMTR = VC M _out

14
Ve _in (14)

VT 0,V,

by in =0 VoM =0

Based on (13), the DMTR for a DM noise separator can be
calculated as

V 1n _ou
DMTR, = % (15)
n Viu _in=0:Voum Lin =0
V In_out
DMTR; = 71“;1/; ! (16)
n vy =0,Vem _in=0

DM _in

In (15) and (16), n is the phase number from 1 to 3. In (15), a
positive sequence voltage set is fed to the noise separator while
a negative sequence set and CM voltage are zero. In (16), a
negative sequence voltage set is fed to the noise separator while
a positive sequence set and CM voltage are zero. Because the
outputs of a DM noise separator are the vector sum of positive
and negative sequence voltage responses, both magnitudes and
phases of DMTR," and DMTR,, are important. Ideally, both
magnitudes should be 0 dB and two phases should be same. On
the other hand, the phase of CMTR is not so important because
only its magnitude is read on the spectrum analyzer. An ideal
CMTR should be equal to 0 dB.

Similarly, a CM noise separator has a positive sequence
DMRR and a negative sequence DMRR

Veu
DMRR" = &;OM a7
‘/1 Viu _in=0:Veum _in=0
DMRR- = YCM-out s
Vl vy, =0,Venm Zin=0

DM _in

In (17), a positive sequence voltage set is fed to the noise
separator while a negative sequence set and CM voltage are
zero. In (18), a negative sequence voltage set is fed to the noise
separator while a positive sequence set and CM voltage are
zero. Both DMRRs should be as small as possible. When they
are much smaller than 0 dB, their phases are not important.

Each phase of a DM noise separator has a CMRR

V In _ou
CMRR,, = -2Mn-out (19)
VeM_in v =0,V

DM _in Dy _in =0
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Fig. 4. Characterizing a three-phase noise separator in terms of waves.

In (19), n is the phase number from 1 to 3. CMRR should be
as small as possible and its phase is not important since only its
magnitude is read on the spectrum analyzer.

It should be pointed out that because the DM noise added to
the noise separator has 4 DOF; any methods using an excitation
with 2 DOF cannot offer a full evaluation for DMTR and DMRR.

B. Characterization of a Noise Separator Using S-Parameters

For a CM or DM three-phase noise separator in Fig. 2, there
are three input ports portl, port2, and port3 and one output port
portd4, so it is a four-port network. This four-port linear passive
network can be characterized in terms of waves, as shown in
Fig. 4.

In Fig. 4, a,, is the normalized incident wave, and b,, is the
normalized reflected wave. Port voltage V, can be expressed
as follows [5], [6]:

Vn =V ZO (an + bn)

where Z is the reference impedance, which is usually 50 €,
and n is the port number.

To fully characterize a four-port linear passive network, four
linear equations are required among the eight wave variables
[11]. The sixteen S-parameters in (21) are, therefore, introduced
to correlate a,, and b, [5], [7]. S,, refers to the reflection
coefficients, and S,,,,, represents the transmission coefficients.
Both m and n are port numbers

(20)

by Si1 Si2 Si3 Su ay
ba So1 Saa Say Sy as
b3 - S31 S32 S33 Siu as = [b] = [S][a].
by Sy Siz Siz Saa ay
(21)

According to the transmission-line theory [5], [8], when re-
flected wave b,, reaches the source or load side, it will also be
reflected because of the mismatched impedances. The reflection
coefficients I'y,, at source side and I';, at load side are given
through (22) and (23). It is known that for passive networks,
ITs,| <land |T'f| <1

an - ZO
r,, = =n_ 20 22
an + ZO ( )
and
Zr — Zo
=== = 23
"2+ 2, (29
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Fig. 5. Characterizing the noise separator using a signal flow graph.
ey
bsl L4
Fig. 6.  Signal-flow graph for a practical noise separator with a matched load
at port4.

Fig. 4 is then characterized by the signal flow graph in Fig. 5.
InFig. 5, by, is the normalized wave emanating from the source.
For a given voltage source Vg, with source impedance Z,,, b,
is given as follows [8]:

Vv ZOVsn

bsn = = 5 -
an + Z()

(24)

Because the output of the noise separator is terminated by
the 50-2 input impedance of the spectrum analyzer, which is
shown in Fig. 2, the reflection coefficient I', is zero. As a result,
ay 18 zero, and the signal-flow graph is equivalent to Fig. 6.
Fig. 6 characterizes a practical noise separator matched by a
spectrum analyzer at port4. It is now important to determine the
appropriate S matrix for an ideal noise separator.

In order to achieve 50-2 input impedance independent from
noise source impedance, the reflection coefficients at portl,
port2, and port3 must be zero. In Fig. 6, by using Mason’s
rule, the reflection coefficients I'y, I'9, and I'3 for portl, port2,
and port3 are described, as shown (25)—(27), at the bottom of the
next page, where Zi,1, Zi,2, and Z;, 3 are the input impedances
of portl, port2, and port3, respectively. A;, Ao, and As rep-
resent the second terms in (25), (26), and (27), respectively.
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o The final S matrix for an ideal CM noise separator is therefore
% ¢ o 0 0 S
14
. Su 0 0 0 Sy
by [S] = 0 0 0 S34 (33)
1 1 1
bs) az SQ .b4 :l:g :l:g :l:g S44
The S matrix for the ideal DM noise separator of phase 1
L ] [
b, a, 0 0 0 Suiu
S43
) a, 0 0 0 Sy
-
N y Sl=f 0 o0 0 Sy (34)
2 1 1
. += - - S
b, 3 + 3 + 3 44
The S matrix for the ideal DM noise separator of phase 2
Fig. 7. Signal-flow graph for an ideal three-phase noise separator with a
matched load at port4. 0 0 0 Sy
0 0 0 Sy
From (25), (26), and (27), in order to guarantee a 50-Q input [S] = 0 0 0 Sy (35)
impedance independent from noise source impedance, S11, S22, 1 9 1
Ss33 and S92, S21, S13, S31, S32, So3 must be zero; as a result, FT- +- F= Su
b1, by, and by are zero. The signal-flow graph is, thus, equivalent ) ) 3 3 ) 3
to Fig. 7. The S matrix for the ideal DM noise separator of phase 3
In Fig. 7, based on (20), the voltage at port4 is given by 0 0 0 Su
Vi = V1S + VaSis + Vs Sis. (28) 0 0 0 S
S| = 36
Based on (1)—(4), and (28), for a CM noise separator 1S] 0 0 0 Ss (36)
1 1 1,2 4
Si1 = Sy2 = Su3 =3 or Si 254225432—5- T3 T3 3 T
29) In (33)—(35), and (36), the fourth column in the S matrix has
For the DM noise separator of phase 1 nothing to do with the performance of a noise separator because
ort4 is matched. Therefore, there is no output impedance re-
2 1 1 p P p
Sy = 3 Sy = 3 Syz = 3 or quirement. For a noise separator, S11, S92, S33 and Sto, So1,
9 1 1 S13, 931, 932, So3 should be as small as possible. Sy1, Sy2, and
Syt =—=, Spp=-, Siz=-. (30)  Si3 should be +1/3 for a CM noise separator. For a DM noise
‘ 3 3 3 separator, Sy1, Si2, and Sy3 should be +2/3, F1/3, F1/3 for
For the DM noise separator of phase 2 phase 1; F1/3, £2/3, 1/3 for phase 2; and ¥1/3, ¥1/3, +2/3
1 2 1 for phase 3.
Su = Ty Sig = 3’ Siz = T or For a practical noise separator, Si1, S99, S33 and S, So1,
1 9 1 S13, 931, S39, Sog are not zero; and Sy, Syo, and S,3 are not
Sn=5, Spp=—7, Siz=-. (31)  exactly equal to the values defined in (34), (35), and (36) too,
3 3 3 . . . .
i so Fig. 6 should be used for evaluation. The input impedance
For the DM noise separator of phase 3 of a noise separator can be evaluated through (25), (26), and
g _} g, — _} g — g or (27). In (25), (26), and (27), the second term can be ignored
R L L if it is much smaller than the first term. This means that input
1 1 2 impedances are independent from ['gq, I'so, and I'53, which
S = 3 Siz = 3 Siz = 3 (32) represent the source impedances. Then, the input impedances
Zin1 — 2 591069519 (1 — S3310%3) + S31063.513(1 — Sool's9) + S311753.593062.5
r, — 1 0 _ g, 4 22Ls2 12( 330%3) 31153513 ( 221 2) 311539230 52012 _ g | A (25)
Zin1 + Zy 1 — 899169 — S33T053 — S321753.5931 52 + S22'52.5331 3
Zino — 2 S19061591 (1 — S3300%3) + S300763.593(1 — S1117%1) + S301753.513061.5:
Ty — 2 0 _ gy, 4 2120l 21 ( 330%3) 32153923 ( 11%1) 320530180 5102L _ g 4 A, (26)
Zin2 + Zy 1= 811161 — S33053 — S31 163513051 + S11171 53313
Zing — 2 S930690539(1 — S111) + S130061.531 (1 — Sool's9) + S1317%1 5991 ['0.S:
Iy = 3 0 ~ Syt 231752932 ( 11%1) 13051531 ( 2212) 131615211 52032 — Syt A; (27
Zinz + Zy 1= 511161 — S9al59 — S121761591 Tsa + S11171 52212
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can be characterized solely by Si1, So9, and Ss3, and are free
of noise source impedances (37), (38), and (39) as follows:

1+ 511
Zinl & 7| 37
1 11— 5., (37)
1+ 52
Zino = 7, 38
2 T 5, (38)
and
1+ Sss
Zing = 2| 39
3 T (39)

Based on (14), (20), and Fig. 6, the CMTR for the CM noise
separator can be derived using Mason’s rule in (40), where
the approximately equal values hold if the third term is much
smaller than the second term in the denominators. This is also
the condition for independent real 50-(2 input impedances in
(37), (38), and (39). For a CM noise separator

541 542
CMTR = +
(I+S1+A1) (1480 +A)
i Su3 . Su Sa2
(1"’_533 +A3) (1+S11) (1+522)
Sa3
+ o 40)
1+ 53) (

For a good CM noise separator, the magnitude of CMTR
should be close to 0 dB.

Based on (15), (16), (20), and Fig. 6, the DMTR; and
DMTR, for a DM noise separator can be derived using
Mason’s rule in (41)—(45), and (46).

For the DM noise separator of phase 1

St Sia _i1920°
DMTR+ — + . 7120
(I+S1+A) (14850 +A) ‘
Si3 —j240°
—_— . 41
T Sm Ay € @0
_ S41 S42 i120°
DMTR™ = + el
(IT+S1+A) (148504 A ‘
Su3 7240°
_ . . 42
+(1+533+A3) € “42)
For the DM noise separator of phase 2
Sai 120° Si2
DMTR" = ————— &/ 4 — —=
(1+ 511 +4Ay) (14 S + Ay)
Su3 —j120°
_ . 43
T )
_ Si —j120° Si2
DMTR = ——— .7/ N
(1+ 511+ Ay) c (1 4+ S29 + Ay)
Si3 . ¢d120° (44)

+—
(14 S35 + Aj)
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For the DM noise separator of phase 3
DMTR' = ety ™+ B )
o Sn w
DMTR™ = S ey o

(1+S1+A4A) (14525 + Ay)

Sus

L1200y D48
(1 + S35 + Ag)

(46)

As analyzed in the previous section, for DMTR; and
DMTR;,;, both magnitude and phase are important because the
output of the DM noise separator is the vector sum of the pos-
itive and negative sequence voltage vectors. For a good DM
noise separator, the magnitudes of both DMTR* and DMTR ™
should be close to 0 dB and their phases should be same so the
vector sum of the two sequences would not be changed at each
frequency.

Based on (17)—(19), Fig. 6, and the symmetrical component
theory, the DMRR* and DMRR™ for the CM noise separa-
tor and the CMRR for the DM noise separator can be derived
similarly as follows.

For the CM noise separator

DMRR' = 1+ S%Jr Ap) N 1+ sfil Ay) e
L ey AL @)
PMRRE =13 s%:u Ay Ty sfil &
v I $)
For the DM noise separator
OMRR,, = (1+ Sfﬂr Ay) - (1+ Sfi: Ay)

Sa3

" (1+ S35+ A3) @

In (49), n is the port number from 1 to 3.

Equations [(25)—(27), (40)—(49)] are critical for three-phase
noise-separator evaluation. For a three-phase noise separator, as
long as the S-parameters are measured using a network analyzer,
its performance can be evaluated through [(25)—(27), 40)—(49)].
In (25)—(27), if the second terms are much smaller than the first
terms, the input impedances are independent from noise source
impedances.

III. DESIGN A THREE-PHASE NOISE SEPARATOR

This section will first propose a function scheme for three-
phase noise separators based on the theory developed in
Section II-A. The circuit that can match the proposed func-
tion scheme is proposed and the design technique is explored.
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Fig. 8.  Circuit structure for the proposed three-phase noise separator.

Finally, a three-phase noise separator is built with the proposed
design technique.

A. Proposed Circuit Structure for Three-phase
Noise Separators

Based on the analysis in previous section, CM noise is the
zero-sequence noise and the DM noise is the sum of positive
and negative sequence noises. A three-phase noise separator
can be designed based on this principle following three steps.
In the first step, a network that can separate positive and nega-
tive sequence noises from zero-sequence noise is developed.
The network can also add positive sequence noise to nega-
tive sequence noise at its outputs. Furthermore, it can provide
50-Q input impedances for positive and negative sequence
noises and infinite input impedance for zero-sequence noise.
In the second step, another network that can separate zero-
sequence noise from positive and negative sequence noises is de-
veloped. The network should also provide 50-€2 input impedance
for zero-sequence noise and infinite input impedance for pos-
itive and negative sequence noises. In the last step, the inputs
of these two networks are connected in parallel. Based on the
network theory, the combined network can achieve both noise
separation function and 50-2 input impedances for any noise.
Fig. 8 shows this concept.

In Fig. 8, DM separation unit has 50-Q2 input impedances
Zt, Zy, Zi for positive and Z;, Z,, Z; for negative se-
quence noise. Furthermore, it can conduct positive and negative
sequence noises to a 50-€2 load without attenuation. On the other
hand, the unit has very high impedance Z° for zero-sequence
noise and does not conduct the zero-sequence noise to the
50-Q load. The unit can, therefore, separate DM noise
for each phase. The CM separation unit has a differ-
ent story. It has 50-Q) impedance Z° for zero-sequence
noise and can conduct the zero-sequence noise to a 50-{2
load without attenuation. At the same time, it has very high
impedance, 7", Z,, Z; for positive and Z;, Z,, Z; for
negative sequence noise. It does not conduct positive and neg-
ative sequence noises to the 50-2 load. The CM separation
unit can, thus, separate CM noise from DM noise. Because the
DM separation unit has 50-{2 input impedance for positive and
negative sequence noises and the CM separation unit has 50-(2
input impedance for zero-sequence noise, the combined input
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impedance of each phase is 50 €2 and it can be proved in
Vo _VOAVE+V
I, IO+ L7 +1I-

VO+ V4V

T (V950 Q) + (Vi /50 Q) + (V, /50 Q) 50§2. (50)

Zin n =

In (50), n is the input port number from 1 to 3.

B. Circuit Design for a Three-Phase Noise Separator

The circuit in Fig. 9 is proposed to achieve the function of
the DM separation unit. Three inductors with an inductance
Lp are closely coupled on one magnetic core with a coupling
coefficient K equal to 1. They have high impedance 37 p to
CM (zero-sequence) noise within concerned frequency range.
For positive and negative sequence noises, because their vector
sum is zero and the coupled inductor has a balanced structure,
the magnetic flux generated by each phase cancels each other
inside the core as shown in (51) and Fig. 10. Ideally, for positive
and negative sequence noises, the inductance and impedance are
zero, so the input impedance of each phase is equal to the load
impedance 50 2. As a result, the DM noise, which is the sum
of positive and negative sequence noises, is conducted to the
load without attenuation. For CM noise, the input impedance of
each phase is given by (52) and the CMRR is given in (53). The
inductor’s CM impedance |37y, p | should be much larger than
50 €2 to achieve a good CMRR and high CM input impedance

3 3 3 3
Z¢;+Z¢;=LD< 1;+ng>zo (51)
n=1

n=1 n=1 n=1
Zcowm = 3Z1p + 50 (52)
5
CMRR = 20log | ———|. 53
“®13Z1p +50‘ >3)
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In Fig. 9, if the inductor’s coupling coefficient K is smaller
than 1, there is leakage inductance on each phase. At high
frequencies, the impedance could be significant so the input
impedance will deviate from 50 €2 and the DM noise will be at-
tenuated. Because of this, coupling coefficient K should, there-
fore, be as close to unity as possible.

The circuit in Fig. 11 is proposed to achieve the function of
the CM separation unit. Each phase has an inductor with an
inductance of L. The coupling coefficient between any two in-
ductors is —0.5. Because the circuit has a balanced structure, the
zero-sequence voltage excitation will generate zero-sequence
currents only. For CM (zero-sequence) noise, the voltage vector
sum Ven o of the induced voltage due to self inductance L¢
and the induced voltage due to mutual inductance M is zero as
shown in Fig. 12 and (54). Because of this, for CM noise, the
inductor’s impedance is zero. Three inputs are equivalently con-
nected to the center point C. In Fig. 11, the total load impedance
between the center point C and the ground is 50€2/3. Three
phases are in parallel for CM (zero-sequence) noise, so each
phase equivalently has a 50-2 load

0 0 0
Vemerp = Vie = Vi — Vir

L L
= (ijD —jw7D —jw2D> xI"=0. (54)

For the inductor connected to phasel in Fig. 11, the voltage
responses to positive and negative sequence noises are shown
in Fig. 13. In Fig. 13(a), the vector sum of the induced voltages
Vi, and V7, due to two mutual inductances has the same direc-
tion as that of the induced voltage V;,¢; due to self-inductance
and its amplitude is equal to 50% of V;',. The amplitude of
the vector sum of the three vectors is, therefore, 150% of V;Cl
and equal to V;". As a result, the positive sequence noise cur-
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Fig. 13.  Voltage vector diagram for phase-1 inductor with positive and nega-
tive sequence excitations.

rent in the inductor is reduced by 1/3 compared with the case
without mutual inductance. In Fig. 13(b), the negative sequence
noise has the same story as the positive sequence noise. Be-
cause of this, the inductance is increased by 50% for positive
and negative sequence noises as shown in (55) and (56). The
other two inductors have the same story. Because the sum of
positive and negative noises is DM noise, the inductance and
DM impedance are also increased by 50% as shown in (57).
The increased impedance|3Zy, /2| should be much larger than
50 €2 to achieve a high DM input impedance.

Because three inductors are balanced, the voltage excitation
at center point C in Fig. 11 is zero for positive and negative
sequence excitations. The DMRR is, therefore, —oo dB. In a
practical application, three coupled inductors should be as bal-
ance as possible to achieve good DMRRs

. . L¢
V1+ = VL+C1 + VJ;}Q + VJ\?& = JWLCIY _JWTI;

L 3
—jw=T = jw ( 2Le ) I (55)
2 2
. 3 _
Vi =jw (2Lc) I; (56)
7 _ M = iw §L (57)
DM1 = Ifr—i—lf =] B c -

Based on the analysis in Section III-A, a three-phase noise
separator can be developed by connecting the inputs of DM and
CM separation units in parallel as shown in Fig. 14.

In Fig. 14, the DM separation unit has 50-2 input impedance
for the DM noise of each phase and high impedance for CM
noise. It can conduct the DM noise of each phase to a 50-)
load without attenuation. At the same time, it prevents the CM
noise from reaching the 50-2 load. On the other hand, the CM
separation unit has 50-Q2 input impedance for CM noise and
high impedance for the DM noise of each phase. It can conduct
the CM noise to a 50-§2 load without attenuation and prevent the
DM noise from reaching the 50-(2 load. Because the inputs of
DM and CM separation units are in parallel and any noise can
be decoupled to CM and DM noises, the input impedance for
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any noise is, therefore, 50 {2 and at the same time, the separator
can separate CM and DM noises for each phase.

C. Prototype Development

Based on the analysis in Section III-A and -B, to build a high-
performance noise separator, the coupled inductors in the DM
separation unit should meet the following conditions.

1) Inductance L should be big enough so that |32, | has
impedance much higher than 50 €2 within concerned fre-
quency range and a good CMRR can be achieved.

2) Leakage inductance should be small enough so the induc-
tor has DM impedance much smaller than the 50-§2 load
and a good DMTR can be achieved.

A high-permeability ferrite toriodal core, ZJ42206TC (J ma-
terial from Magnetics Inc.), is used for the inductor design. A
30-turn trifilar winding structure is employed to achieve high
coupling coefficient. For trifilar winding structure, three wires
are almost at the same position, so the leakage energy is only
stored in the air gap between three wires. A low leakage induc-
tance is achieved. The measured inductance is shown in Fig. 15.

The measured impedance curves in Fig. 15 shows that the CM
inductance is 3 mH with an equivalent CM parallel winding ca-
pacitance of 5.67 pF and an equivalent CM parallel resistance of
14.5 k. At frequencies higher than 1.2 MHz, CM impedance is
determined by the winding capacitance. The impedance |37, p |
is much larger than 50 2. To further improve CMRR at 10 kHz,
a bigger inductance is preferred by increasing the number of
turns for the trifilar winding as described in (53). However, this
may sacrifice inductor’s HF impedance because more number
of turns may result in a larger CM winding capacitance. A good
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Fig. 16. Coupled three-phase inductor with a coupling coefficient of —0.5.

(a) Inductor structure 1 and (b) equivalent circuit.

solution is to design a noise separator for low-frequency range
(10-150kHz) with a larger inductance L p and a noise separator
for HF range (150kHz to 30 MHz) with a smaller inductance
Lp. Because the objective of this paper is to present the the-
ory developed to characterize three-phase noise separators and
the circuit and component structures proposed to build a three-
phase noise separator, only one noise separator operating from
150 kHz to 30 MHz will be investigated here.

The measured coupling coefficient between any two windings
is 0.99995 and the leakage inductance for positive and negative
sequence noises is 174 nH. At 30 MHz, it has an impedance
of 33 ) for DM noise, so it is not negligible compared with
50-€2 load. To reduce the effects of leakage inductance, the par-
asitic capacitance between three windings can be used to cancel
the effects of leakage inductance based on the transmission
line transformer theory [2]. To achieve this, for positive and
negative sequence noises, the characteristic impedance of the
three-conductor transmission line should be close to 50 €2. The
characteristic impedance can be designed by adjusting the space
between three wires. The measured characteristic impedance for
positive and negative sequence noises is 43.3 €2, which is close
to 50 €2, so the effect of leakage inductance is reduced.

For CM separation unit, the coupled inductors should meet
the following conditions.

1) L¢ should be big enough so that |32, /2| has impedance

much higher than 50 2 within concerned frequency range.
This helps the noise separator to achieve 50-{2 input
impedance for DM noise.

2) Three inductors should be as balance as possible. The cou-
pling coefficient between two windings should be as close
to unity as possible. The impedance of the leakage induc-
tance between two windings should be much smaller than
50 Q. These conditions guarantee that the noise separator
has a good CMTR and DMRR.

There are two methods to build the coupled inductors for CM
separation unit. The first method is using a core with three sym-
metrical legs as shown in Fig. 16(a). In Fig. 16(a), the coupling
coefficient between any two windings is —0.5. Fig. 16(b) shows
its equivalent circuit. This method is straightforward but it is
difficult to make the core. Using planar E shapes cores is also
not a good method because the reluctances of three inductors
are not balanced. The second method is using three identical
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Fig. 17. Coupled three-phase inductors with a coupling coefficient of —0.5.
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inductors as shown in Fig. 17(a). In Fig. 17(a), each inductor
has two windings closely coupled with a coupling coefficient of
—1. Three inductors are connected in such a way that the induc-
tor L on each phase in Fig. 14 includes two series windings
on two different inductors and these two windings are inversely
coupled to the other two windings on the inductors as shown in
Fig. 17(a). Because the three inductors are identical, the cou-
pling coefficient between any two L¢ s is —0.5. Fig. 17(b) shows
its equivalent circuit. The second method is easier than the first
method so it is used in the experiment. The same cores as used
in DM separation unit are used here for inductor design. Each
inductor has a 33-turn bifilar winding structure.

The measured impedances of three inductors are shown in
Fig. 18. It is shown that the impedances of three inductors are
almost the same. |37, /2] is around 375 ) at 10 kHz which is
much larger than 50 €. To further increase |37, /2|, more num-
ber of turns is needed for the inductor. Similar to the solution of
Lp,two sets of inductors can be designed to solve this problem.
One targets 10—150 kHz and the other targets 150 kHz—30 MHz.
This paper will discuss the separator operating from 150 kHz to
30 MHz only. The measured coupling coefficient between two
windings is around 0.99997, so the leakage inductance is small
and the coupling coefficient between two L¢s is very close
to —0.5. The inductors, therefore, meet the conditions defined
previously.

The CM and DM separation units are connected together as
shown in Fig. 14. The final prototype is shown in Fig. 19.
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Fig. 19.

Three-phase noise separator prototype.

IV. EXPERIMENTAL RESULTS

The experiment is carried out by two steps. Because the noise
separator includes CM, DM1 (phasel DM), DM2 (phase2 DM),
and DM3 (phase3 DM) separation parts, in the first step, the
S-parameters of each part are measured separately. Based on
the measurement results, the noise separator is evaluated using
the theory developed in Section II. The input impedance of
each port, CMTR, CMRR, DMTR", DMRR", DMTR ", and
DMRR ™ are all evaluated. In the second step, the noise separator
is used in a practical three-phase power electronics circuit for
noise measurement.

A. Evaluation of the Noise Separator

The S-parameters for CM, DM1, DM2, and DM3 separa-
tion parts are measured separately. Due to the frequency range
limitation of the network analyzer (Agilent E5070B), the S-
parameters are measured from 300 kHz to 30 MHz. When the
S-parameter of one separation part is measured, the output ports
of the other parts are terminated with 50-2 resistances so the
reflection coefficients of those ports are zero and they have no ef-
fects on the measurement. For example, when the S-parameter
of the DM1 separation part is measured, the output ports of
DM?2, DM3, and CM are terminated with 50-€ resistances. The
signal-flow graph of the DM 1 separation part is given by Fig. 6.
DM2, DM3, and CM parts are measured in the same way as DM 1
and all of them can be characterized with the signal-flow graph
in Fig. 6. After the S-parameters are measured, the noise sepa-
rator is evaluated using the theory developed in Section II. Input
impedances, CMTR, CMRR, DMTR ", DMRR", DMTR ", and
DMRR™ are derived and shown in Figs. 20-25.

Fig. 20(a) and (b) shows the magnitude and phase for one of
the three input impedances of the noise separator with different
noise source impedances connected to the other two input ports.
It is shown that the input impedance is within 45-55 2 and the
phase is between —20° and —10°, so the input impedance is close
to real 50 2 and it almost independent from the noise source
impedance within measured frequency range. The other two
input impedance curves are almost the same as the one shown
in Fig. 20(a) and (b). So all the inputs of the noise separator can
provide real 50-€ resistive input impedances and they are noise
source impedance independent.
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Fig. 21. CMTR of the noise separator when noise source impedance is 0 €2,
50 2, and oo 2.

Fig. 21 shows the CMTR of the CM separation of the noise
separator. The CMTR is very close to ideal 0 dB. The phase is
not shown here since it is not important for CMTR.

Fig. 22 shows the DMRR" and DMRR™ of CM separa-
tion with different noise source impedances. It is shown that
DMRR" and DMRR™ are independent from noise source
impedances because three curves are almost the same. As ana-
lyzed in the previous section, DMRR* and DMRR ™ should be
as small as possible. In the figures, both DMRR™* and DMRR ™
are smaller than —40 dB, so they are pretty good.

Figs. 23 and 24 show the magnitude and phase of the DMTR ™
and DMTR™ of the DM1 noise separation under different noise
source impedance conditions. The DMTR™ and DMTR ™ of the
DM2 and DM3 noise separations are almost the same as those of
DMI1 noise separation. Fig. 23 shows that the both DMTR ™ and
DMTR ™ are very close to 0 dB. Fig. 24 shows that DMTR™ and
DMTR™ have almost the same phase angle. Because of these,
the positive and negative sequence noises at each frequency can
be combined into DM noise at the output of the noise separator
without any changes.
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Fig. 23. Magnitudes of the DMTR" and DMTR™ of the DM1 noise sepa-
rator when noise source impedance is 0 €2, 50 2, and oo 2. (a) DMTR™ and
(b) DMTR ™.

Fig. 25 shows the CMRR of the DM 1 noise separation under
different noise source impedance conditions. The CMRR of the
DM?2 and DM3 noise separations is almost the same as that of
DM1 noise separation.

The CMRR should be as small as possible. Fig. 25 shows that
the CMRR is smaller than —34 dB within measured frequency
range, so it is good.
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B. EMI Noise Measurement With the Noise Separator

The noise separator was used to measure the DM and CM
noises for a practical three-phase power electronics system
shown in Fig. 26. In Fig. 26, a three-phase 60-Hz voltage source
feeds power to a three-phase insulated gate bipolar transistor
(IGBT) rectifier. The load of the rectifier is a 225-) resistor
and the dc bus has a voltage of 150 V. Three-phase LISNs are
inserted between the three-phase voltage source and the three-
phase IGBT rectifier. The outputs of the LISN are directly con-
nected to the inputs of the three-phase noise separator. The out-
put of the noise separator is connected to a spectrum analyzer.
The unconnected outputs of the noise separator are terminated
by 50-€2 terminators. The CM and DM peak noises are measured
from 150 kHz to 30 MHz with a resolution bandwidth of 9 kHz.
The measurement results are shown in Figs. 27 and 28.

In Figs. 27 and 28, it is shown that DM noise is dominant
from 150kHz to 4 MHz, and from 5 to 22 MHz. From 4 to
5MHz and from 22 to 30 MHz, CM noise is comparable with
DM noise. Based on the measured DM, CM noise, and the
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Fig. 26.  Setup for three-phase EMI measurement with the help of a three-

phase noise separator.
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Measured three-phase CM noise using the proposed three-phase noise

correspondent EMI standards, DM and CM EMI filters can be
easily optimized with higher power densities and lower cost
than the designs without the help of noise separators.

V. CONCLUSION

In this paper, three-phase noise is first analyzed using sym-
metrical component theory. CM noise is a zero-sequence noise
and DM noise is the sum of positive and negative sequence
noises. The S-parameter model is developed for both ideal
and practical three-phase noise separators based on symmetrical
component theory and network theory. The critical parameters
such as input impedances, CMTR, DMTR*, DMTR~, CMRR,
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DMRR" and DMRR ™ are all derived using S-parameters. With
the developed theory in this paper, a three-phase noise separator
can be easily and correctly analyzed and evaluated by measur-
ing its network parameters. A function scheme and a circuit
structure for three-phase noise separators are proposed based
on the developed theory. The technique to design the coupled
inductors in DM and CM separation units for high-performance
three-phase noise separators is explored. A three-phase noise
separator prototype is finally built based on the developed tech-
nique. The prototype was measured and evaluated using the
theory in this paper. The proposed three-phase noise separator
is very useful in optimizing the EMI filter design and improving
the power densities for three-phase power electronics systems.
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