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The Wiener Filter Applied to EMI Decomposition
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Abstract—This paper presents a DSP method that allows de-
composing conducted electromagnetic interference (EMI) emis-
sions from different sources in large power electronics systems.
The estimation process is carried out by a number of Wiener filters
(WFs), which represent all different converter states. These are de-
termined by initial commutation event conditions and propagation
paths layout. Filters are fed by a semiconductor power switch volt-
age or current waveforms regarded as sources of perturbation. The
EMI emissions are measured on the line impedance stabilization
network (LISN) terminals. Optimal filter adaptation is carried out
in the frequency domain by measuring and computing input and
cross-power signal spectra. Analysis of a parallel quasi-resonant
dc-link voltage inverter (PQRDCLI) is outlined to distinguish fil-
ters assigned for inverter operation from those for external dc/dc
converter interaction. Experimental results are given to illustrate
the WF estimation quality. The possibility of detailed decompo-
sition of the LISN-EMI waveforms is depicted in both time and
frequency domains. Comparative analysis of frequency responses
for PQRDCLI-link voltage changes is given.

Index Terms—DC-DC power conversion, electromagnetic inter-
ference (EMI), resonant power conversion, Wiener filtering (WF).

I. INTRODUCTION

OWADAYS, switching frequencies of power semiconduc-
Ntor devices are being increased in order to reduce ge-
ometrical dimensions and weight of power converters. This,
however, leads to increased electromagnetic interference (EMI)
emissions. Power electronics systems often contain more than
one converter (see Fig. 1). Each one is composed of more than
a single power semiconductor switch. All these different fast
switching devices generate undesired electromagnetic noise that
contributes to the general electromagnetic compatibility (EMC)
emission signal. The magnitude of emitted noise relies on the
electrical propagation conditions that depend on geometrical
structures of the system, device packaging, layout of the circuit,
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Fig. 1. Block diagram of a power electronics converter with two sources of

perturbation.

parasitic components, and current (di/dt) and voltage (dv/dt)
slew rates [11]. Many official regulations have been issued for
limiting the EMI [1], [2].

A problem may appear when a complex power electronics
system, including more than one perturbation source, generates
a noise that exceeds the allowable level. In a typical converter,
it is impossible to turn off one or more subsystems (auxiliary
circuit or control) in order to identify which part of perturbation
comes from which subsystem. An example of such a converter
with two identified sources of perturbations is depicted in Fig. 1.
It consists of a parallel quasi-resonant dc-link voltage inverter
(PQRDCLI) with the gate circuit power supply from an exter-
nal dc/dc converter. The primary source of perturbation has its
origin in resonant discharge and recharge of the input capacitor,
which precedes each inverter state’s commutation. The opera-
tion of the switching dc/dc supply generates another source of
conducted propagated emissions in the circuits of the PQRD-
CLI. Therefore, for EMI mitigation in power electronics con-
verters, new approaches are needed, which will allow separation
of perturbations from different sources, and can also be helpful
in the analyses and understanding of electromagnetic distur-
bance excitation. The circuit simulators like Saber, Spice [18],
or TCad [15] allow investigation of the phenomena connected
with perturbation generation and propagation in the early stages
of converter development [7], but they require an accurate model
of all system components. Therefore, in this paper, the perturba-
tion reconstruction based on a DSP method—the Wiener filter-
ing (WF) concept—is applied. The source identification method
is used for determining the transfer function between the source
and generated perturbations [13]. The proposed WF method
applied to conducted EMI analysis allows one to numerically
separate noise from more than one sources, and investigate an
impact of each source and also the level and the propagation
path of the perturbation.

This paper is organized as follows. An example of EMI sep-
aration for the PQRDCLI and the dc/dc converter for a control
circuit supply is presented for the WF method application in
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Fig. 2. Soft switching inverter. (a) PQRDCLI circuit topology. (b) Experi-
mental waveforms.

Section II. In Section III, general WF methodology for EMI
separation in a power electronics converter is described. Partic-
ular experimental EMI separation results using the WF method
are illustrated in Section IV. Final conclusion of WF perfor-
mance is given in Section V.

II. SOFT-SWITCHING INVERTER

Soft-switching techniques have been proposed to reduce
switching losses and EMI, and to increase converter efficiency
[5], [17]. The PQRDCLI circuit topology, as depicted in Fig. 2,
is described in detail with the gating control procedure in [8]
and [9]. The parallel quasi-resonant circuit is located in the dc
link of an indirect frequency converter. It consists of two in-
put electrolytic capacitors C; and C5 connected in series. The
inverter is separated from the dc voltage source by a bilateral
switch based on transistor 77 with diode D;. When the bus line
voltage V; decreases resonantly to zero, it allows soft zero volt-
age switching (ZVS) of inverter transistors and transistor 77.

Each commutation in the inverter is preceded by reloading
the resonant circuit in order to discharge the input capacitor
C' to obtain a ZVS condition for commutation of the inverter
bridge transistors. Sufficient energy required for the resonant
operation must be stored in inductor L, used in conjunction
with transistor 75. The main source of EMI of the PQRDCLI is
variation of the dc-link voltage V; across input inverter capacitor
C. The perturbation generated is mainly due to the common
mode current in this particular case. However, it can be noticed
that the rise and fall times of this voltage are much lower than
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Fig. 3. DC/DC boost converter topology.
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Fig. 4. Measured waveform generated only by dc/dc converter. (a) Voltage
V4. (b) Perturbation measured on LISN.

in a hard switching inverter. The differential mode (DM) is an
infinitesimal quantity, because of the inductive nature of DM
current paths for high frequency [6].

The control circuit and inverter insulated gate bipolar tran-
sistors (IGBTs) drivers are fed by a push—pull switch-mode dc
power supply. Even if this additional converter is a low-power
one, it generates noise, due to hard-switching commutation of
T4 and Ty (see Fig. 3). The disturbance of this supply unit
alone can be measured by turning off the power source, for ver-
ification purposes. The voltage across the dc/dc switch-mode
converter transistors and the perturbation measured on a line
impedance stabilization network (LISN) are presented in Fig. 4.
Switching frequency is 40 kHz. As is typical for push—pull
topology, transistors must block the supply voltage twice.

Experimental setup presented in Fig. 5 contains the
PQRDCLI fed from the dc power supply through the LISN
(Schaffner NNB41). The inverter with a resonant circuit, the
control unit including DSP and IGBT drivers, and the dc/dc
converter have been placed on a common grounded radiator.
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Fig. 5. Laboratory test bench. (a) View. (b) Circuit scheme.

Voltage waveforms and perturbations have been registered for
different operating conditions using the oscilloscope TDS5034B
of Tektronix with voltage differential probes. The sampling fre-
quency was 250 MHz. The symmetrical inverter load was the

induction machine (3 kW).
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Fig. 6. Total EMI waveforms with two main sources of perturbation.
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Fig. 7.  WF in estimation of EMI.

III. WIENER FILTERING

The WF method in EMI analysis allows the linking of a source
of perturbation with the perturbation generated. Power electron-
ics signals can be obtained by measurements from working ap-
plication or simulation results. Thus, this method can also be
useful for EMI forecasting. The three stages of the WF method
in EMI can be described as follows:

1) adaptation process, where the time or frequency response
of the WF is calculated using data from measurement or
simulation;

2) reconstruction of perturbation, generated independently
by each EMI source;

3) perturbation superposition, contributing to the total noise
generated by the converter registered across the LISN.

The theory of optimum linear filters for the general case of a
minimum mean square error criterion was developed by Wiener
for continuous-time systems and independently by Kolmogorov
for discrete-time systems [10], [16]. In this approach, WFs used
for the EMI estimation are fed by power switch voltage or
current transients, as represented by the source of disturbances
v in Fig. 7.

The perturbations measured on a 50-2 LISN resistor are
generated by the whole system during a typical operation (see
Fig. 6). Two power signals measured on the two converters have
been chosen to separate the noise generated from each system:
V7, the dc-link voltage across input inverter capacitor C'y, and
Vi, the voltage across the dc/dc converter transistors. It can be
noted that EMI from the soft-switching inverter has the greatest
peak amplitude, and so is the main source of EMI generation
in this particular case. Moreover, there is an additional noise
because of zero-current turn-on switching of transistor 75. Al-
though voltage V; across dc-switch-mode supply [see Fig. 6(b)]
changes from 0 to 600 V (higher voltage than power inverter),
the perturbations generated are smaller because of the topology
of the circuit layout [12].
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The corresponding conducted network emissions p, which
can be isolated in the LISN terminals, consist of so-called re-
constructed disturbances p,,, which are available to be estimated
with the aid of filtering source v and inevitably present additive

noise term p,.

As the assumptions of WF theory claim: 1) that filter system

H is linear and time-invariant; 2) that noise p,

coming from

other sources is additive and not correlated with the source
of disturbances v. One can express v and p, in the frequency

domain by the Fourier transform

P, (]w) = H(JW)V(]"‘J)

where H (jw) is the filter frequency response.
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The estimation error F, (jw) is defined as the difference be-
tween the measured and reconstructed disturbances

E, (jw) = P(jw) — H(jw)V (jw). @)
Then, the mean square estimation error is given as follows:
E{|E, (jw)'} = E{E} (jw)E, (jw)} 3)

where E {-} denotes the mathematical expectation operator. By
using (2) in (4), we obtain the value of H (jw) that minimizes the
mean square error criterion (3), i.e., the WF frequency response

o ~
——F{|E, (jw)[’} = 0. 4
sy PUE G} @)
Hence, the value of H(jw) is the frequency response of the
optimal WF
. jw)
H(jw) = —F—= (5)
( ) SL v (]w)

where Sy, (jw) = E{[V(jw)]?} is the power spectrum of v,
and Sy, (jw) = E{[P(jw)V*(jw)]} is the cross-power spec-
trum between v and p. In order to estimate H(jw), one must
measure the data of input v and output p signals first. These data
can then be used to estimate power and cross-power spectra of
(5), and finally the frequency response of the optimal WF. Once
this filter has been estimated, it can be applied to any form of
source disturbance v in order to predict the corresponding dis-
turbances p, . The same study can also be carried out in the time
domain [16], where filter input—output relation is given by

Svp (J

P-1
py(m) = Z hpo(m —k) = h’v (6)
k=0

where m is the discrete-time index, v! = [v(m), v(m —
1),..., v(m — P —1)] is the filter input signal, and the pa-
rameter vector h” = [hg, hy,..., hp_;]is the WF coefficient
vector. The error signal e(m) is defined as in (2) as the differ-
ence between the desired signal p(m) and the filter output signal

pu(m)
e(m) = p(m) — py(m) = p(m) —h'v. (7)

Here again, the optimal WF coefficients h have to minimize
the mean square error defined through the expectation operator
E{-} as

m)?] — 2h” E[vp(m)] + h” E[(vv" )]h
=r1,,(0) —2h"r,, + K" R,,h (8)

where R, = E[vv”] is the autocorrelation matrix of the input
signalandr,, = E[vp(m)] is the cross-correlation vector of the
input and the desired signal. The minimum mean square error
WF is obtained by setting the gradient of the mean square error
function with respect to the filter coefficient vector to zero

0

_— Ele2 = — e
ahE[e (m)] 2ry, +2R,,h =0 9)
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Fig. 8.  WFs applied to EMI decomposition in the voltage inverter.
which gives the WF solution
-1
h=R,!'r,,. (10)

Equations (5) and (9) are exactly the same relations, but ex-
pressed in the frequency and time domains, respectively. More-
over, experimental data (measured signals v and p) can be used to
estimate the WF characteristics in these two domains. Indeed,
spectra S, and S, have to be calculated in the frequency-
domain approach, and correlations R,, and r,, must be es-
timated in the time-domain approach. Well-known estimators
have been proposed in the literature [14]. In the following, the
time-domain approach will be used.

IV. WF METHOD APPLIED TO EMI DECOMPOSITION

In order to separate the perturbation, the transfer functions
between each source and the perturbation should be calculated in
the adaptation process following WF methodology. The voltages
have been considered as the perturbation sources, because their
measurement is easier than that of currents. Vy, the dc-link
voltage, is used as an input signal for N WFs, and V, the voltage
from the dc/dc converter, is used for M WFs. The perturbation
measured on the LISN should be taken as an output (see Fig. 8).

The use of several transfer functions (N and M) is linked to
the fact that each converter may propose various propagation
paths, depending on its switch states. In this case, two different
transfer functions (N = 2) are retained for the PQRDCLI in-
verter (17 ON or T, OFF), and also the two states for the push—pull
auxiliary converter (M = 2), which also indicate two different
configurations, are based on its switch states. The level and
propagation path of the perturbation depend on the dv/dt and
circuit properties [3]. The participation of each component
and the value of parameters in the EMI propagation change
during a typical converter operation [4], [19]. Consequently, the
transfer function is variable. Thus, the WFs, which are a nu-
merical representation of all components, should be calculated
for each subsequent state of the converter. Generally, N transfer
functions of WFs for the inverter and M transfer functions for
the additional dc/dc converter should be calculated, where NV
and M are determined by the number of each circuit states. The
detection of all converter states is needed, both in adaptation
and estimation stages. This detection can be achieved either by
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Fig. 9. Estimation and decomposition of experimental EMI waveforms.
(a) Total LISN-EMI. (b) PQRDCLI inverter. (¢c) DC/DC external converter
estimated contribution.

user knowledge or by using the measurement signals like IGBT
gate circuit drivers.

By using the appropriate number of filters, one can separate
EMI noise influence from more than one source, as is presented
in Fig. 9, where the participation of perturbation from two inde-
pendent sources is shown. It can be noted that the level of total
perturbation [see Fig. 9(a)] contains the perturbation generated
by the soft-switching inverter [see Fig. 9(b)] as well as the dc/dc
converter [see Fig. 9(c)].

By comparing the perturbation generated during only the
dc/dc converter operation [see Fig. 9(b)] and waveforms sub-
tracted, with the WF, from total perturbation [see Fig. 9(c)], it
can be noted that they are the same. It has been proved that
separation from the WF method works correctly.

In Fig. 10, the total LISN noise is decomposed among the
separate sources in the frequency domain. The WF method al-
lows investigation of the importance and influence of the chosen
source of perturbation on total noise. The level and the frequency
range can be quantified for each source. Moreover, if the recon-
structed signals do not agree with the real one, it suggests that
another noise source exists in the converter.

In order to describe the EMI behavior of the PQRDCLI in-
verter, N = 2 filters are used. Each filter, which is a numer-
ical representation of the propagation path, can be applied to
the perturbation reconstruction for one state of the inverter, in
which it operates during some period. Thus, the filter frequency
responses H(jw) are different. The changing dc-link voltage
across C is the main source of perturbation for this case. The
perturbation spectra generated by the PQRDCLI inverter can be
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falling (black) input inverter voltage.

equally decomposed into two separate frequency transmittances
for each inverter state. Fig. 11 presents the comparison of the
filter transfer functions, when voltage across C'y rises up or falls
down. The participation of all components in the propagation
process and values of their parameters are different for these
two states, which is the reason of the differences in the transfer
function. Knowledge about the transfer function can be useful in
reducing EMI, it allows one to find the information as to which
part of a printed circuit board (PCB) layout should be changed
or how to modify the turn-on or turn-off time for semiconductor
devices.

V. CONCLUSION

WF applied to estimation of the conducted EMI emissions
in soft-switching inverters was confirmed to be an efficient

Authorized licensed use limited to: IMAG - Universite Joseph Fourrier. Downloaded on January 5, 2009 at 07:21 from IEEE Xplore. Restrictions apply.



MUSZNICKI et al.: WIENER FILTER APPLIED TO EMI DECOMPOSITION

identification technique, as has been tested previously, for the
case of a hard-switching inverter and a dc/dc boost converter.
Identification of commutation disturbances allows the linking
of voltages across switches with perturbations. It is possible to
derive a transfer function or an impulse response in time domain
for determining a relationship between the cause and effect of
disturbances. The proper selection of different EMI propagation
conditions defining a minimal number of converter states with
its propagation path layout reflects a necessary number of WFs.
Such an estimation structure gives powerful insight into EMI
distribution. Moreover, it enables the decomposition of the EMI
transients, indicating the contribution of its origin sources.

In the particularly examined application of the method to the
PQRDCLLI, two filters for dc-link voltage fall and rise changes
and two filters for dc/dc converter operation have proved to
be efficient for EMI estimation. Furthermore, identification of
disturbances allows linking with high-accuracy commutation
voltages across switches with the conducted EMI perturbations.
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