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Chapter 1

Introduction

Il n’y a pas de probléemes résolus, il y a seulement des
problémes plus ou moins résolus.

Henri Poincaré

1.1 Background

Nowadays, there is a trend for increasing switching frequencies of switch-
mode power supplies. It is strongly connected with increasing of electromagnetic
interference (EMI) emissions. EMI is any electromagnetic disturbance that in-
terrupts, otherwise obstructs, or otherwise modifies an equipment performances,
which leads to a general electromagnetic compatibility (EMC) degradation for
devices, especially in field of power electronics. Many EMC standards and reg-
ulations such as the Federal Communications Commission (FCC), the Interna-
tional Electrotechnical Commission (IEC) and the International Special Com-
mittee on Radio Interference (CISPR) standards have been organized for con-
trolling the quantity of EMI emission. As a consequence, better understanding
of EMI generation phenomena is needed in order to forecast, minimize and re-
duce it. Moreover, it is important to pay attention of EMI performance before
converter is built, EMI forecast or estimation should be made during design pro-
cess.

Understanding electromagnetic capability is very important for power elec-
tronics design, where traditional viewpoints and the approximations of electrical
circuit theory start to break down. The new approaches and tools are needed to
understand the law of this challenging art .

The EM disturbance can be described in three steps:

e the source: this is the device or equipment where the noise or disturbance
is generated. The reason for this could be e.g. fast signals, fast rise and fall
time, resonance, antenna structures, wrong termination, reflections and
electric potential differences.

e the victim: the electrical circuit which becomes influenced by the perturba-
tions coming from the source and possessing major impact on the function-
ality of inside signals or work of the whole application.

e the coupling path: the paths or medium where the disturbance is propa-
gated from the source to the victim.
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Electromagnetic interference can be categorized in four groups:

conducted emissions

radiated emissions

conducted susceptibility

radiated susceptibility

The first two groups deal with the undesirable signals generated in a par-
ticular piece of equipment, and the second two groups are connected with an
equipment’s ability to reject disturbances from external sources. Contractually,
the frequency range of conducted emissions extends from 50 kHz to 30 MHz
and for radiated emissions over 30 MHz. In this thesis the first type of EMI -
conducted emissions - has been taken into consideration.

Switch-mode power applications generate high frequency perturbations be-
cause of fast semiconductor devices commutation [32]. The magnitude of emitted
noise relies on the electrical performance which depends on geometrical struc-
tures of the system, devices packaging, layout of the circuit, parasitic compo-
nents, current (di/dt) and voltage (dv/dt) slew rates. The generated noise can
have influences on control circuity and surrounding equipment.

Conventionally, the total conducted EMI noise can be divided in two ba-
sic mechanisms, the differential-mode (DM) and the common-mode (CM) noise.
Generally, the DM noise (symmetrical disturbance) is related to switching pro-
duced by current flowing along either the live or neutral conductor and returning
by the other one (fig/1.1a). The CM noise (asymmetrical disturbance) is mainly
related to parasitic self and to ground capacitances of components of the circuit
produced by current flowing along conductors and returns via the safety earth

(figl1.1b).

Differential mode

Common mode

%

L L

a) b)

\1

N

Figure 1.1: The differential-mode (a) and common-mode (b) noise path
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1.1. BACKGROUND

The conducted EMI measurement in both 250pH

time and frequency domain is usually real- (T L .

ized with the standardized line impedance 220nF

stabilizing network (LISN). The LISN is M
n

also used for blocking all noise from the
power supply network and providing a line 50 500 VL1
impedance with a known high frequency 1 1
characteristic. There are several LISN topolo- GND | 1 500 1
gies, in all investigations in this thesis — 5Q 50 uH )Vu
structure presented in figure (1.2) has been
used.
. . 220nF
The results of measurement give total noise, GRB
but comparing LISN voltages V;; and V;,, 250puH
it is possible to separate CM and DM as it Figure 1.2: Standardized line
is presented in this following formulas: impedance stabilizing network
Ver = w (1.1)
Vorm = Vi — Vi (1.2)

The EMI behavior of power electronics converters can be investigated using
various approaches:

e expert knowledge and experience
e simply model calculation in time or frequency domain

e computer simulation

estimation based on simply circuit model

accurate simulation in the time domain

estimation based on transfer functions

digital signal processing methods

In this thesis two kinds of EMI estimation technique have been presented:
accurate computer simulation and method based on digital signal processing -
Wiener filtering. The simulation has been done using powerfull simulator Saber®).
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1.2 Accurate simulation

Since full measurements of EMC behavior of converters can only be made
with assembled and ready to work application, EMC problems are often emerged
in a last phase of the product development process, bringing expensive and time-
consuming design correction. To avoid project changes, EMC forecast should be
done in a design phase, which allows to avoid additional expense. The EMC
properties of electronic devices can be checked by computer simulation which
is more fast and cost-effective. Enormous research effort has concentrated on
EMI modeling and simulation. Variety of EMI models for power electronic con-
verters have been presented in many publications [53],[54],[38] . These studies
have tried to analyze the complex EMI production mechanism and shed a light
on a better understanding of perturbation generation process. The simulation
circuits can be developed depending on assumptions, simplifications and proper-
ties of physical phenomena. The simplifications make possibility of easy way of
object description, but have an impact on solution inaccuracy. If a model is too
simple, some important features could be omitted, if it is to complex, calculations
could be problematical and numerical errors can appear. Because of complexity
of models, authors have made some simplifications [16], [37], [58],[66] or they
have focused on empirical models [9], [33],[35],[93], [92] or on impact to the load
[581,[601.

The aim of simulation is to obtain total EMI noise generated in converter
which agree with true values from real application. Because of very high time
constants in typical power electronic application with LISN and load, long sim-
ulations have been carried out to obtain steady state of working system. Pow-
erful simulator is needed, which allows to make simulations with a sufficient
small time step, according to EMC frequency range required. Simulations of
complex model of the converters can be carried out using the circuit simulators
like Saber® , Spice® or TCad [28]. The most important difficulties arise from
parasitic elements which require very small calculation step in comparison with
time constants of the whole system. The calculation step has to be defined ac-
cording to the smallest dynamic of the system in the steady state. Moreover,
the serious problem in this simulator is that different calculation time step can
generate different results what could occur especially in the high frequencies
range. According to the Nyquist - Shannon theorem, sampling frequency should
be greater than twice highest frequency of considered signal or bandwidth. In
order to obtain sufficient information about the simulated the waveform, ade-
quately small step should be chosen (for frequencies of emitted EMI above 30
MHz it must be smaller than 0.016 us). The calculation with such a little step
takes a lot of computer power, memory and of course time.

The numerical solution is strongly dependent on chosen method and step
calculation. Cause of large number of non linear elements and differential equa-
tion, solution is stable in a narrow range. All presented solutions have been
made with Newton-Raphson algorithm with variable step size. The exploitation

4
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of simulation in term of EMI, is simply achieved with fast Fourier transforma-
tion (FFT) of LISN voltage in frequencies range between 50[kHz] and 30[MHz].
It needs to be said that, even if the global shape the EMI spectrum is similar, a
10 dB difference is still noticeable between simulation and measurement, cause
of normalization coefficients used in FFT algorithms applied in used software
and measurement equipment. In this thesis, simulations have been done with
SaberSketch®) or Matlab®), with models presented in chapter 2l

1.3 Wiener filtering

Wiener theory [79], [43] formulated by Norbert Wiener during the 1940s
and published in 1949 [84], allows to find the numerical description of data-
dependent linear least square error filters. The Wiener filtering is used in order
to minimize the average squared error between the filter output and a desired
signal. Formally, the Wiener theory assumes that the signals should be station-
ary. However, for periodically filter coefficients recalculation for every block of
N signal samples, self-adaption is done to the average characteristics of the sig-
nals. This kind of adaptation allows to remove noise from signals waveforms and
to make their smoother. Thus, an optimal filter can be calculated from a solution
on the basis of scalar methods. It can be said that, this technique allows to find
how many “information” in output signal come from the input signal.

It can be used to investigate phenomena connected with EMC noise genera-
tion, to obtain the level of disturbances for circuit working with another condi-
tion and to develop simply model for EMI forecasting. In this method of sources
identification, EMI behavior of power electronic converter and LISN are repre-
sented by the system which contains transfer function between source of distur-
bances and noises measured on LISN.

disturbances
disturbances reconstructed
source of
measured Do |
disturbances
P System H
v
noise from
other sources
Do

Figure 1.3: Wiener filtering applied to EMI estimation
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The main assumptions of Wiener filtering theory are as follows:

e the unknown system H is linear and time-invariant, which means that it
can be completely described by its frequency response or its impulse re-
sponse,

e the noise due to other sources of disturbance p, is additive and not corre-
lated with measured input signal v.

Thanks to the previous model and assumptions, all signals can be easily ex-
pressed in the frequency domain. Indeed, the Fourier transform of the distur-
bance p,, noted P,(jw), is expressed as:

P,(jw) = H(jw)V (jw), (1.3)

where:
V (jw) is the Fourier transform of v,
H(jw) is the frequency response of H.

The estimation error F,(jw) is defined as the difference between the mea-
sured disturbance P(jw) and the reconstructed one P,(jw):

E(ju) = P(jw) = b (jw) = P(jw) — H(jw)V (jw) (1.4)

The mean square error between measured and reconstructed disturbances
can now be defined in the frequency domain as:

E[|E (o] = E[(P(jw) - H(jw)V(jw)" (P(jw) — H(jw)V(jw))], (1.5)

where E[-] denotes the expectation operator and * the complex conjugate.

The aim is to find the optimal value of the frequency response which minimizes
this error. Therefore, the derivative of complex quadratic form. (1.5), which has
unique minimum, is calculated with respect to H(jw) to zero by using complex
derivative rules [79], which leads to :

OE [ E, (jw)|’]

Sy = 2H9)Su(ie) ~ 25,i) = (1.6)

where:
Se(jw) = E[|V(jw)|?] is the power spectrum of v,
Sup(jw) = E[P(jw)V*(jw)] is the cross spectrum between v and p.

The optimal value H,(jw), for which this derivative is zero, is the frequency
response of the optimal or Wiener filter. Its expression in the frequency domain
is given by:

(1.7)




1.4. OBJECTIVES AND DISSERTATION OUTLINE

The same study can also be carried out in the time domain [79]. In this case, the
impulse response of the Wiener filter is obtained as a function of the autocorre-
lation function of v and the crosscorrelation function between v and p.

These results show that the optimal filter only depends on quantities that
can be estimated from measured signals v and p: their auto- and cross- spectra
or correlation functions. Once this filter is estimated, it can easily be applied to v
in order to best estimate the unknown signal p,. In this application, p, represents
the EMI only generated by the source v, i.e. denoised from the EMI p, which is
generated by the other components of the converter.

In this way, EMI behavior of power electronic converters in the range of con-
ducted perturbation frequency (defined from 10kHz to 30MHz) is represented
by the system, which contains transfer functions between the different sources
of noise and perturbations. It will be considered in this work that the sources of
noise will be the switching devices in the converter.

1.4 Objectives and dissertation outline

The conducted EMI reconstruction in three kind of power electronics con-
verters, is investigated: the DC/DC boost converter with only one transistor, the
DC/AC hard switching bridge inverter and next the DC/AC soft switching in-
verter on the example a new PQRDCLI topology [42]. The simulations of com-
plex circuit, including the most accurate models of all system components, are
presented. Moreover, the approach of perturbation reconstruction based on dig-
ital signal processing method - the Wiener filtering - is proposed. The source
identification method is used by determining the transfer function between the
source and generated perturbations. This methodology allows to:

I. quantify the electromagnetic disturbance of each independent switch (eg.
MOSFET, IGBT, diode),

II. estimate the propagation path of these disturbances at each time instant,

ITI. find the contribution of the disturbance source on the global EMI genera-
tion and propagation.

The dissertation primary is to prove that, EMI level and shape, depend
on converter state. In the chapter 2, the basis of the power electronic circuit
components modeling for EMI analysis is presented. Accurate models of semi-
conductor devices, passive component and conductor is investigated. It is proved
in chapter(3, that perturbation generation and propagation in DC/DC boost con-
verter depend unambiguously on the only one transistor switch operation. For
three phase bridge inverter, where EMI noise depends on current direction in
diode-transistor switches, the 24 states were defined (detail in chapter [4). Fi-
nally, perturbation generation in ZVS parallel quasi resonant dc link voltage
inverter is studied in chapter 5|






Chapter 2

Models of circuit components

I am never content until I have constructed a [...]
model of the subject I am studying. If I succeed in
making one, I understand; otherwise I do not.

Lord Kelvin

2.1 Introduction

The main aim of simulations is obtaining precise waveforms from working
circuit including parasitic currents and voltages. Their magnitudes are deter-
mined by the (dv/dt) and (di/dt) particularly in the moments of commutation
and depend on geometrical properties of a circuit. Simulation schema - besides
essential components - implicate also cabling and parasitic models. Accurate
modeling is extremely difficult due to a great number of parameters and fac-
tors,which mast be considered. Moreover, models of all components should have
the same characteristic (static and dynamic) as real ones in the considered fre-
quencies range. Furthermore, in order to obtain correct waveforms with this
equivalent circuit, powerful simulator is needed, which allows to make simula-
tions with suitable for EMC calculation time step. Since, power electronic cir-
cuits are complicated and number of components is high, simulations can bring
serious numerical problems even in such powerful simulators as PSpice or Saber.

Simulation schemes, presented in this thesis, have been built using three
kind of models:

e active semiconductor elements such as transistors and diodes can be identi-
fied as disturbance sources, thus waveforms obtained from simulation dur-
ing the switching should be possibly the same like ones from real applica-
tion, especially dynamic parameters should be get with high accuracy.

e passive components should be taken into account, an electrical equivalent
circuit of resistors, capacitors and inductors should give the same char-
acteristic like real components in whole emitted perturbation frequency
range.

e cabling, bonding and all conductors cannot be neglected. Although inter-
connection parasitic (inductance, capacitance) cannot be easily measured,
it can be calculated with high precision using different modeling methods.

9



CHAPTER 2. MODELS OF CIRCUIT COMPONENTS

Thus, complete electrical equivalent circuit can be obtained, including the
converter itself with all complex models of components and parasitice elements,
but also the measurement equipment like the Line Impedance Stabilization Net-
work (LISN) and the cabling

2.2 Semiconductor parameters determination

Accurate semiconductor models are needed in order to forecast EMI phenom-
ena, since they are linked to switching waveforms. The number of publications
in the semiconductor modeling area have introduced a variety of models [5],
[46]. The semiconductors have unipolar and non linear components and there-
fore are the most difficult power components to be modeled: bipolar effects are
the most tricky (PIN diode, IGBT). Inexact values of parameters and improper
model could lead to incorrect results of simulations.

Several effects - like resistivity modulation, charge storage, junction capac-
itance, etc - should be considered with high accuracy since they have a great
impact on the high frequency characteristics. In typical electronic simulators
conventional, physics based models can easily be used for EMI prediction. How-
ever, the model parameters must be determined with sufficient accuracy includ-
ing most important static and dynamic parameters. These models can be con-
structed using parameters from producer data sheet, but usually they aren’t
sufficient for wide band modeling, since manufacturer data are not always stay
with an agreement to true values. Furthermore, models attached to simulation
software can be applied, but it can be noticed, that models provided with Saber
or Spice libraries are not very accurate for EMI modeling, especially dependen-
cies in time domain don’t stay with agreement to real ones. In practice, the li-
braries don’t contain all commercial components, so characteristic values should
be extracted from real semiconductor devices.

One of the highest accuracy was obtained using specific parameter extrac-
tion method based on bibliography research [45]. The method is based on an
optimization algorithm, which minimizes the error between measured static
characteristic and simulated one. It can be implemented for direct shaping of
electrical characteristics and identification of chosen parameters. The algorithm
of parameters extraction, presented in fig.2.1, can be divided into 5 stages:

1. experimental data acquisition

2. selection of a model and simulator

3. quality standard choice (the function cost J)
4. selection of optimization method

5. verification

10



2.2. SEMICONDUCTOR PARAMETERS DETERMINATION

The optimization method exploits all information available and uses them to
minimize the function cost:

J = el = <Z |5z~|’f> 2.1
1=1

where 0 is error norm between k values experimental y,, and simulated y,:

5= [u} (2.2)
Ym

In general, the optimization methods are the numerical procedures which allows
to find solution of minimization problems [46].

l

Semiconductor
parametrs

Optimisation
\ L]
@ Semiconductor

simulation
(static or dynamic)
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(dynamic or static)
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Figure 2.1: The principle of optimization method to determine semiconductor
parameters. 1st step: static measurement, 2nd step, dynamic measurement

All types of transistor models needs minimum ten parameters, and diode four
for accurate forecasting of their EMI behavior. Among these parameters, some
have an influence on static behavior, and can be deduced from a curve tracer
[57], [21]. The dynamic (transient) model operation depends on characteristics of
non linear capacitance. Care must be taken in order to avoid self heating of the
component, what usually happen during this static measurement: the current
pulse must be short. Conventional tracers are often not adapted, and specific
experimental setup has to be build.

11
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For example "static" parameters have been deter-
mined and a dynamic test (in a chopper cell) is used
with the optimization approach, in order to find the
parameters of MOSFET Motorola 65V HD3 lot 27601
wafer7 and Schottky diode used in boost converter
(chapter(3). Parameters are listed below from [45]:

1. for MOSFET MOSFET Motorola 65V HD3

lot 27601 wafer7
e Vo - Zero-bias threshold voltage 3.76[V],

e /5 - Bulk p-n saturation current 1[pAl,

e Kp - Transconductance 83.2,

e Rp - Drain ohmic resistance 1[mf],

e Rg - Source ohmic resistance 1[mf}],

e R - Gate ohmic resistance 10[(2],

e THET A - Mobility modulation 2.025[V '],

o (s = 1.14[nF], C,s = [0.1n], C;ys = 14.8[nF], Cys = 14.8[nF] and Cy;, =
2.09[nF] - the interelectrode capacitances.

2. for diode

e Is - saturation current injection 1[nA],
e 15 - series resistance 7.4[mS}],
e Vj - voltage injection 0.3[V],

e (Cj - junction capacitance 1.47[nF],

Nowdays, simulation software like Saber contains an additional utility Model
Architect (presented in figure for creation and characterization of new mod-
els. This tool allows for interactive tuning of semiconductor parameters from pro-
ducer data sheet or extracted values. All types of the semiconductors are strong
non linear objects, there is a danger of numerical noise generation, if the model
parameters and numerical method are taken improperly [30]. All presented in
this chapter semiconductor modeling approaches have been used in simulations
in this thesis.

2.3 Passive component models

In order to forecast EMI behavior of converters, wide band models of induc-
tors and capacitors are needed. It can be said that there are no ideal components.
All components also contain inductive, capacitive and resistive elements.

The inductor model should describe the behavior of a real one. Beside the
main parameter - inductance, model includes additional components. Since an

12
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Figure 2.3: Saber - Model Architect

inductor has windings, the model contains DC resistance - R, which will dissi-
pate power as current flows through the inductor. Stray capacitive coupling be-
tween the windings and the physical packaging of the inductor should be taken
into consideration. The reactance of this parasitic capacitance C' determines the
high frequency performance of the inductor. Of course, inductor model can be
more complex (accounting for the variation of parameters with the frequency,
core losses) [13], but it was not estimated to be necessary in this work, where
the level of modelling of each component must be consistent.

R L
S S
C

|
||
Figure 2.4: The inductor model

These parameters could be obtain from producer data sheet, but similarly
as for semiconductors (section 2.2), they usually don’t agree with real values.
For example, verification for SESI 18K 1WR [72] inductor has been made with
impedance bridge (in this case HP 4194A was used). Magnitude curve (fig 2.5)
have been obtained using the suitable test fixture, which allows a DC current
polarization. The data sheet of inductor presented by manufacturer are different
from DC measurement (table 2.1)

As far as conducted EMI are considered, a typical ESL (Equivalent Series In-
ductance) and ESR (Equivalent Series Resistance) representation is sufficient
for capacitors (fig [2.6). The high quality ceramic decoupling capacitors have
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10— — —
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— measured
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Figure 2.5: The inductor impedance measured and modeled

Table 2.1: The impedance of inductor

— Noload | I;, =8A
Ldatasheet [,UH] 185 129
Lmeasured [MH] 16.2 14.7
R[] 5.5 3.96
C [pF] 13 13

about few nH ESL. Similarly, like for inductors, verification of manufactory data
sheet of capacitors has been done using impedance bridge. In this case, results
don’t stay exactly with agreement to the data sheet. For example for ceramic
capacitor, which values of capacitance in producer datasheet is 4[mF], has been
modeled as series RLC circuit, where R=28.4 [m{2], L=9[nH] and C=3.9[mF]. In-
ductance and resistance of capacitors bonding have been represented by Saber
macrocomponent, described in next section. In figure 2.7/ impedance of real ca-
pacitor obtained from the HP 4194A, represents the RLC model as in figure

C R L
Figure 2.6: The capacitor model
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— measured
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Figure 2.7: The comparaive results of impedance measurement with HP 4194A
and simulation of RLC model for input ceramic capacitor

2.4 Parasitic layout modeling

In power electronics application for the EMI simulations, models of all com-
ponents are needed. Inductive and capacitive modeling of parts of circuit such as
interconnections, tracks, semiconductors bonding or capacitor wires are neces-
sary. The aim is to find dependencies between geometrical and physical proper-
ties of conductors and their RLC models. The resistance, capacitance and induc-
tance values can be find using commercial software or can be calculated using
electromagnetic field formulas. In the first case, results are obtained with high
accuracy, but it usually demands lot of programming and calculating time and
computer power, in the second case RLC values can be fast estimated but with-
out taking into consideration changing of current density, long line effect and
etc.

Values of self and mutual inductance of copper tracks have been calculated
using InCa [11] software based on Partial Element Equivalent Circuit (PEEC)
method [67]. This method provides a very powerful approach to account for non
ideal behavior of conductors [50]. It is based on analytical formula to compute
inductance and coupling, provided a uniform current density. However, due to
bonding on copper tracks, current direction is unknown, and a complete induc-
tive meshing must be used, contrary to other modeling used in the past. The den-
sity of the current is not constants in all conductor because of skin or proximity
effects. The inductive mesh with partial self and mutual inductances guarantee
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12

: wz s R

Figure 2.8: The geometrical description of 2 conductors for inductance
calculation

correct modeling of this phenomena. The formula used in PEEC method, where
as an input geometrical description of the printed circuit board and conductiv-
ity of conductors are given, is applied to calculated of the mutual inductance
between two coplanar strips and also the self inductance of a micro strip. The
inductance has been calculated with the following formula using variables de-
scribed in Figure 2.8|

4 4 4
Mp12 wltlwth z; Zz; ]z; hHHHf <Qh717pi710j71) (2.3)
E—w, E—t
q(E,wy,wy) = gizz (P ty,te) = gizz —h
E (2.4)
I3 — 1y
ottty = | P

I3

- 2 4 4 1.2+ 1'2+y2+22 2 2
f(x,y,z)—(yQ%—g—At—g—At)x—ln( \/m )+(y %_%_;:_4)2_

ln(z2Jr /z2+y2+z2) n (;CQ 42 24 Z4)y B ln(y2+ /12+y2+z2)+

[y2 22 4 24 24 [y2 22
i [%(w‘l—i—y4+z4+3x2y2+3z2y2+3x222)+ x2+y2+z2] (2.5)
(=Dayz® x (=Dazy? zz
+=% arctg(z\/meyQHQ) 5 arctg(y FWQHQ)Jr
(=1)zyz® zy
+—% arctg(m qu%)
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2.4. PARASITIC LAYOUT MODELING

Important thing is to choose correct way of the segmentation of conductors
and their places in the circuit it order to assure correct modeling including phe-
nomena such as skin effect or non-uniform current density [71]. Consequential,
inductive behavior of each conductor is represented in a simulation circuit by
inductors mesh.

Using strictly results from PEEC method in circuit simulator is an undue
burden on computer simulation. Therefore, a model reduction for inductive as-
pects has been proposed [44]. The points of connections between components and
copper tracks have been apportioned - the idea is similar to scattering matrix
from the microwave theory: the complete geometry is seen from input-output
only. For each conductor linking several access, one is taken as reference (fig.
2.9). This referenced points have been linked to each other for the same connec-
tion. It allows to reduce the inductive representation of all conductors to min-
imum number of differential equations. The equations linking voltages (with
respect to this reference point) to currents are deduced from global PEEC model
as follows:

- d;
j=1

where R;;, L;; and [; are resistance, inductance and current of partial branch.

K
This equation corresponding to the impedance matrix has been applied to
generate Saber@® macro component, which represent all self and mutual induc-

tance behavior of all conductor tracks.

V2

Figure 2.9: The reduction of PEEC inductive model for one interconnection

In this thesis, inductance calculations have been done with PEEC method,
which gives the most accurate valuse and also formulas for inductance of micro
strip by Paul, which allows to make fast estimation [55].

The parasitic capacitance behavior of layout is as important as inductive one
and has impact on EMI spectrum. Values of parasitic capacitances are depen-
dent on the geometry of physical structure. In general dielectric and insulate
material properties (dielectric constants) thickness and width of conductors are
known.
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The formulas presented are well known but results of calculation have been
checked and compared with measurements for few different structure of con-
ducted tracks [48], what allows to confirm dielectric thickness and effective di-
electric constant.

Parallel plate formula:

C = eoer%[F/m] (2.7
Wheeler formula [7]:
1.122
C = & (pF/m] (2.8)
2
1( 8h 8h 8h
n 1+§<weff> (m—f‘ (m) —|—7T2>
Wheeler/Schneider formula [7]:
1.122
C = Celf [pF/m] (2.9)

n

1+1<&> sh (&)2+W2
2\ Wesf Wef f Wef f
where ¢ - the dielectric constans, w,l and t - width, length and thickness of the

track, h - the space between the track and ground and additionally coefficients
have been defined as follow:

&+1 -1 100\ *
= 1+ — 2.1
Ceff 9 + 9 ( + w ) ( 0)
t 4
Wepp = w + —In | ———— (2.11)
™ \/(E)Q + W)z
Paul formula [55]:
Z,
C = =¢[F/m] (2.12)
where for w/h<1
7, = 60/ In (% + 0.259) (2.13)
el w h
and for w/h>1
377 [w 2w !
Ze= "5 [E +1.393+ S In <E n 1.444)] (2.14)
, 1
e = 5(& +1) (2.15)
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2.4. PARASITIC LAYOUT MODELING

Then, all stray capacitances have been calculated using Wheeler/Schneider
or Paul formulas. These formulas work pretty well and also appreciate edge
effects. Additionally, Paul’s method takes care about the width-to-height ratio
and gives the most satisfied result.

According to PEEC method, a capacitive meshing can also bee used. Parasitic
capacitance to the ground for each track can be represented by capacitors mesh.
Unfortunately this mesh is not the same like inductors one, so simplification has
been made (fig.2.10).

All capacitors from mesh can be replaced by equivalent one > C;, if:

e all resonant frequencies for each pair of LC are greater than 30

MHz

1
27’(’\/ LCZ

e there in no long line effect in the conductor during normal operation.

Vi

V=

I III

I V2
*Ci

— 3Ci I

I =

Figure 2.10: The reduction of PEEC capacitive model for one interconnection
a) view of conductor b) inductive and capacitive meshs c¢) equivalent circuit

d) Saber® template
The main input and output points of the circuit or points of main current in-

put in copper tracks should be chosen as the reference points, where equivalent
capacitor can be be connected to as in figure 2.10.
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CHAPTER 2. MODELS OF CIRCUIT COMPONENTS

Criteria of reference points selection:

e inputs and outputs point of supply voltage,

e inputs and outputs of passive components,

e point of connection a semiconductors is legs and the track,

e output points, where load connected.

W
| »m wnn

a) b)

Figure 2.11: The boost converter a) view b) INCA model.
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Chapter 3

DC-DC boost converter

Why speculate when you can calculate?

John Baez

3.1 Introduction

Investigations on conducted EMI of hard switching boost converter have been
carried out. The converter is dedicated to transfer energy between 14V and 42V
DC buses. It has been designed for typical automotive applications where these
two levels of voltage can be found. This well known power electronics applica-
tion [16],[62],[90], [86] was chosen because of electric structure simplicity. This
enabled to relatively easily understand and simulate EMC - it contains only
two active components - Schotky diode and MOSFET transistor. This DC-DC
converter has been realized on the IMS (Insulated Metal Substrate) [4],[70].
This technology allows to obtain low inductive interconnections between com-
ponents and also high value of surfacing capacitance (in range between 100 pF
and 1000pF), thanks to proximity of the ground plane (70um). Therefore, the
generated disturbances level is quite low and common mode noise is dominated,
that can cause the problems during measure process.

M 1oum 25008 ]

Ao

Jo

Figure 3.1: The fundamental schematic diagram of the boost converter
including LISN
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CHAPTER 3. DC-DC BOOST CONVERTER

The base schema of testing system of DC-DC converter is presented in Figure
3.1. Switching frequency of MOSFET transistor is f=100kHz with the duty cycle
0.75. Working application has been supplied from DC voltage source 12 V trough
LISN, as a load on output 2x20 (2 resistors were used. Decoupling input C;,=4mF
and output C,,,=1mF were added.

Voltage for MOSFET transistor driven was generated from the external aux-
iliary circuit. The transistor was driven in two ways:

1. Square wave generator was based on SG3524 regulating pulse width modu-
lator which allows to change switching frequencies and duty cycle. Simply
MOSFET driver was build with PNP (BD138) and NPN (BD137) silicon
transistors, that allows to obtain the rise ¢, or the fall time ¢; in the range
of few us, what is similar to V;, time changes . Driver schema is presented
in figure All control circuit has been placed on universal plate.

2. Special fast dedicated driver has been used, that allows to reach ¢, and ¢
in the range of us fractions.

+15%

|, s@3524

B0kIg |
c_\'

10k
—AN——

1
-

(7= NS B SN ¢ B SO VU V)

Figure 3.2: The simple driver schema

In order to decrease common mode current from control circuit, common
mode filter (figure [3.3) has been added between driver and MOSFET. In this
filter each winding of the inductor - wounded on combinatorial core - is merged
in series with the signal wired. The flux created by each winding cancels the flux
in opposing winding. The insertion differential impedance of the inductor in the
circuit is negligible small.

3.2 Accurate simulation

Simulations of complex model of the considered converter has been carried
out using the circuit simulator [49]. Figure 3.4/ presents equivalent Saber® scheme
of the boost converter, the LISN and load. The models have been defined accord-
ing to chapter 2| All interconnections of converter (IMS, screws and bondings)
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Boost

Driver L

Figure 3.3: The common mode filter between driver and boost

have been modeled in InCa [44] and summarized into a single macro compo-
nents, using differential equations. Additional blocks represent capacitors wires.

Simulations have been carried out using variable calculation step, in the
range from 1 ps to 100 ns. It is possible to observed all currents and voltages,
but in this thesis the waveforms connected with converter EMC behavior first
of all are presented. The magnitude of FFT of noise generated in the boost con-
verter and registered on LISN is presented in fig. [3.5. The analyses have been
done using SaberScope®) tools. The y-axis present normalized amplitude with re-
spect to a volts reference, where normalization coefficient & depends on sampling
frequency f,, thus [V/H 2] units are used.

B|V/Hz] =

- (1fs) £20 - logio [abs (FFT(%))} 3.1)

iode
™
~

L on @’y

220n

| -l |
r r — i ™
513 |:| 510‘ 101 NN \\‘
|I§ mos
50u 1 ¢l d oM © wal
T 1 1 N Iu|::| T im
50u = T 03] 0su
r s
—
—e

conv_d2var L=
]
s davar X IA I l

e
9559999999
I

"'_—i o

Figure 3.4: The Saber circuit including boost converter, LISN, supply, load and
cabling
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Figure 3.5: The LISN voltage spectrum obtained with Saber

3.3 Sensors influence

Two kinds of layout of DC-DC boost converter were taken into investigation.
The first one is the typical application ready to apply in industrial, second one -
similar to first but with specially designed extensions for currents measurement.
The sensors have been added: the one - in MOSFET main current branch and the
second in diode branch. It allows to measure currents in semiconductor devices,
what is an important aspect for EMC analysis.

The simulations for this two layouts have been done to check influence of
the sensors on level of global perturbation generated in the application. It is
imposable to solve this problem during laboratory work, but it can be easily
done with simulation. It is obvious that values of parasitic capacitances and
inductances are different for this two structure. Those parameters have changed
because new conductors were added and the shape of others have changed. It is
the main reason of differences in the EMI spectrum.

a)

Figure 3.6: The layouts of DC-DC boost a) without sensors b) with sensors
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In order to calculate inductance, these two layouts have been described in
InCa. The parasitic capacitances between tracks and ground have been calcu-
lated using the Wheeler/Schneider formula. Because the dimensions of this two
structures are different , it can be noticed that values of parasitic inductances
and capacitances are greater for boost with current sensors.

Vds
(V) :t(s)
80.01 without sensors
60.0 1
l with sensors
40.0 ' ' ]
>
20.0 1
0.0 -
-20.0-
T T 1
0.00446 0.004465 0.00447
t(s)

Figure 3.7: The comparison of MOSFET voltage Vs for boost with and without

Sensors
|dren
(A) 1 1(s)
10.0 -
0.0 without sensors
8.0 - -
with sensors
6.0-/
< 40
2.0
0.0 boii o -
-2.0- | : |
0.00446 0.004465 0.00447
t(s)

Figure 3.8: The comparison of MOSFET current (/) for boost with and without
sensors

In order to compare these two layouts, two circuits have been simulated with
Saber. The main schema of both applications were exactly the same (all main
components, parameters and values), only geometrical shape and dimension of
conductors were different, as it is shown in figure 3.6 what has an influence on
values of parasitic capacitances and inductances. In simulation schema it was
reflected by changes in Saber macrocomponents generated from InCa file for
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Figure 3.9: The comparison of diode voltage for boost with and without sensors
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Figure 3.10: The comparison of diode current for boost with and without sensors

each layout and also values of parasitic capacitances represented by five capac-
itors. Moreover, simulations have been done with the same numerical method
with the same conditions and parameters. Influences of it on power waveforms
of semiconductor voltage and current obtained with simulations are illustrated
in figures(3.7,/3.8,/3.9,13.10. The different for those two layers are especially visi-
ble in waveforms, notably rise and fall time, oscillations and peak values during
commutation. It confirms and proves that additionally parts like sensors or con-
ductors affect on EMC behavior of converter. The generated perturbations have
similar level for both circuits (fig.[3.11), only for frequency in range from 12 MHz
to 25 MHz perturbation from DC-DC boost converter with sensors are smaller,
because it can be more propagate inside the system what is consequence of ad-
ditional electromagnetic linkages in sensors. Moreover, the amplitude of pre-
sented currents (figures (3.8 and are different, because circuit with sensors
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Figure 3.11: The comparison of generated perturbation from boost with and
without sensors

contains resistors, which are placed series with MOSFET and diode.

3.4 Sensitivity study

In order to better understand the contribution of each parameter of the model
to EMI spectrum, a sensibility study has been carried out. Each time, one ele-
ment of the complete EMC model has been replaced with new one with ideal be-
havior. The comparison of this new result with the complete one allows to deter-
mine the influence of the modified component. In this study, the main goal is to
determine the importance and the frequency range of chosen component (semi-
conductors, interconnections etc.) on perturbation level impact. This knowledge
is very useful in design and optimization of layout geometry and properties and
it allows to find the most appreciable parameters.

3.4.1 Semiconductors influence.

Model of the MOSFET transistor - including parameters presented in the
chapter 2/ - has been used in the complete simulation. It has been constructed
with Saber®) tool the Model Architect. In the next step, it has been replaced by
ideal MOSFET model ( ...no charge storage & ideal, simple characteristics...) [1]
and new simulations have been done. The LISN voltages from these two circuits
are presented in fig.[3.12, The differences of spectrum envelope can be seen in
a range above 5 MHz, which is connected with distinct turn on and off times of
the MOSFET.

The dynamic parameters - responsible for turn on and turn off processes -
play the main role in EMI of the MOSFET behavior. When the dynamic pa-
rameters of MOSFET are altered, envelope of spectra in mentioned range also
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Figure 3.12: Influence of MOSFET parameters on LISN spectrum
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Figure 3.13: Influence of power diode parameters on LISN spectrum

changes. In the further works, investigation can be made, which semiconductor
parameters are the most critical.

Other series of simulations have been made by replacing power Schotky diode
model with ideal diode model. It can be noticed from the fig.[3.13, that the differ-
ences in EMI spectrum starts at 3 MHz, but is especially noticeable around 10
MHz. It is strongly connected with the junction capacitance. Concluding, semi-
conductor models have great importance in the high frequency part of the spec-
trum.

3.4.2 Layout influence

Inductive modeling of the tracks cannot be negligible in accurate EMI fore-
casting. Stray inductances play a great role in commutation and have an effect
on voltages and currents in the circuit. In addition, because of resonance with
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capacitance, oscillations occur at frequencies depending on their values. The in-
fluence of stray inductance is shown in fig. [3.14, where comparison of results
of simulation with and without parasitic inductances, represented by Saber®
macro component generated in InCa, is presented. However in some cases, since
layout provides low inductances (for example for IMS technology), stray induc-
tance may be neglected without appreciable decreasing of simulation precision.
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Figure 3.14: The influence of inductive connections on LISN spectrum
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Figure 3.15: The influence of parasitic capacitances on LISN spectrum

On the other side, parasitic capacitance of copper track can be removed. For
IMS circuit, stray capacitances have comparatively great values and their role
is consequently significant. Removing parasitic capacitances give great differ-
ence on spectra for the whole frequency range of emitted EMI. It can be said
that parasitic capacitance is an important parameter for EMC behavior descrip-
tion and it is important parameter in EMI forecasting. Using the same idea, it
is easy to replace in simulation IMS substrate with conventional PCB (change
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Figure 3.16: The spectrum of LISN voltages for PCB and IMS (real)

space between tracks and ground). This operation results in an increase of stray
inductances, and a decrease of stray capacitances (100 -~ 1000 pF for IMS and
from 1 + 50 pF for PCB). This difference is due to the modification distance
to the ground plane ( 1.3 mm for PCB and 70 m for IMS). The comparison of
LISN spectrum for these two layout technologies is presented in fig. 3.16. Dis-
turbances generated in PCB layout circuit are much lower than those from IMS,
due to lower stray capacitance. Thus, it should be said that parasitic inductance
and capacitance of conductors play an important role in EMI generation and
every kind of forecasting calculation should contain these parameters.

3.5 Simplification of boost model for forecasting
EMI

A better knowledge of EMC generation mechanisms has allowed the con-
struction of a simplified circuit to forecast EMC behavior of the boost converter.
Since inductive characteristics of the interconnections and the semiconductor
switching characteristics act in the high frequency range mainly, the MOSFET
and the diode have been replaced with a simple voltage source, and no inductive
parameters have been taken into account for interconnections. On the contrary,
all capacitive aspects were kept in the modeling. In this simple scheme (Fig.
3.17) can be found the LISN (C,,, R, and L,), the input capacitors (C;, C, and
(), the input inductor (L, C;, R;). Two main parasitic capacitances due to the
layout are also taken into account, which are taken from the complete capacitive
model. This leads to a very reduced linear model, and therefore to fast calcula-
tions.

It can be implemented in a simple Mathcad document or with other compu-
tation languages and fast and easy calculations in the frequency domain. Spec-
trum obtained with Mathcad sheet is presented in fig|3.18| It can be noticed that
in this particular case, for frequencies below 10 MHz results are similar to those
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from measurement (presented in the next section in figure 3.22) and Saber®
simulation (fig. 3.5). Moreover, the differences above 10 MHz in shape are not
greater than 10 [dB].
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Figure 3.18: Spectrum of LISN voltages obtained with simplified Mathcad
model

This scheme was presented in details in and used to improve the capac-
itive layout of this converter, with respect to EMC constraints. The simple DC-
DC boost converter model can be used in layout optimization because it allows
to obtain correct results in the frequency range under 10 MHz. The modeling
and prediction of conducted EMI using this model could be useful as a fast de-
sign and optimization tool for power electronic applications. The most important
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parameters of parasitic capacitance and passive components, LISN parameters
and simplify trapezoid shape of the voltage from the switch including true turn
on and turn off times are only needed.

Moreover, this model also can be easily used to find the transfer function
between semiconductor switch voltage from consider application and perturba-
tion, in order to describe converter EMI behavior. The one from DC-DC boost
converter is presented in figure(3.19.
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Figure 3.19: The transfer function between semiconductor switch voltage from

DC-DC boost converter and perturbation

3.6 Experimental results

An experimental investigation on conducted EMI of DC-DC boost has been
carried out. The converter has been connected to power supply through a LISN,

Conmﬂ
mud& ter

where spectrum from 50 kHz to 30 MHz has been
measured in typical conditions of work using spec-
trum analyzer HP 8560A. Many difficulties were
encountered to achieve accurately this measure-
ment. Indeed, great part of the emitted noise came
from the driver. Voltage quick variations of the
driver (15V) are synchronous with the one of power
circuit (42V).

In spite of it, two kind of drivers have been used:
1) - simple, slow driver based on PNP and NPN
transistors with low level of generated EMI noise,
2) - special dedicated for this kind of application,

Figure 3.20: View of DC-DC fast, controlled by square signal generator with
boost converter, driver and LISN ;5 1eve] of generated perturbation.
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Comparison of simulations and measurements have been made for the first one.
Reducing of noise emitted by driver has been realized using common mode filter
and by disposing it far from the ground plane, but total decreasing of it was not
possible.

The EMI level on the two legs of the LISN (DC+ and DC- legs) are exactly
the same. This remark can be made in both simulation and measurement. This
phenomenon can be attributed to the use of nearly perfect input capacitors
(ceramic), which first contributes to differential mode cancellation, and second
leads to a symmetrical path for common mode current trough DC plus and DC
minus tracks as it is shown in figure|3.21.

YT :

: Ve ?—
Converter

cancellation
LYY
T .
| Symmetric
LISN ‘ CM path
IR RN )

7 %

Figure 3.21: The differential mode cancellation and common mode current path

Regarding LISN spectra from measurement (Fig. 3.22) and simulation (Fig.
3.5) it can be noticed that shape of envelope is almost the same, but in the whole
range there is the difference about 10dB. The reason can be from different FFT
normalization coefficients used in the spectrum analyzer and Saber®. Another
validation can be made by comparison of MOSFET or LISN voltage waveforms
(Fig. 3.23). The correlation is very good, taking into account all measurement in-
accuracies (the problem is that voltage cannot really be measured directly across
the transistor).
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Figure 3.22: LISN voltage spectrum obtained with spectrum analyzer
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3.7 Wiener filter

3.7.1 The converter state independent method

The transfer function or impulse response of Wiener filter can be use in de-
scribing EMI behavior of power electronic application (converter and LISN). The
great interest of this method is that it does not necessitate any knowledge of
the converter structure. It is an identification process, which considers the con-
verter as "black box". The calculations of Wiener filter describing EMI behavior
of DC-DC boost converter have been done using data from Saber simulation and
measurement from real application with 4 - channel Tekxtronix TDS744 oscillo-
scope. In order to obtain correct and recurrent results, all data have been taken
in steady state of converter. In the first step, a single filter was defined for the
complete converter, whatever the semiconductor states (on or off). The calcula-
tions have been done for boost converter with two options of MOSFET driver
(described in section 3.1). First - slow driver based on two PNP and NPN tran-
sistors - has been used. MOSFET and LISN (perturbation) voltage waveforms
obtained from simulation and measurement have been compared with ones from
Wiener filter. It is presented in figure|3.25. It easy to observe that reconstructed
disturbances agree with real ones. There are some additional noises from an-
other sources, resulting from imperfection of measure equipment or numerical
method errors.

In order to find out which of the boost signal is sufficient to apply in this
method, calculations of the WF have been made with different waveforms:

e MOSFET voltage
e MOSFET current
e diode voltage

e diode current

e MOSFET driver voltage.

In all above cases (with slow driver) system has been recognized with satis-
factory precision, indicating that for power electronic application with low num-
ber of switching components one of voltage or current waveform of semiconduc-
tor arbitrary could be taken.

In presently used applications, drivers are much faster than main semi-
conductor devices. Simulation and measurement have been made with another
MOSFET control driver. In fig/3.27 LISN voltage is presented. It can be noticed
that level of disturbances changed, both amplitude and time of oscillations are
much bigger than in previous case. The reconstruction works not so well as in the
first experiment, in the estimated signal there are some additional peaks which
cannot be found in real signal (denoted by green circle). It should be noticed that
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| | — real ——reconstructed
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Figure 3.25: The perturbation reconstruction for MOSFET signal a) source of
disturbances V,, b) disturbances V} ;5 real and reconstructed

there are some little divergence (Fig.(3.27) at the beginning of commutation pro-
cess what can be produced by another external sources of disturbances e.g such
as driver. The response of the boost and environment is longer than V,; changes
causing errors in WF structure. Thus, MOSFET driver voltage cannot be used
as an input signal of Wiener filter. In this case, the waveforms of switch voltage
are not correlated and relationship between them is not linear, what comes from
delay and switching MOSFET transistors features. Moreover, transfer function
of Wiener filter should change when state of all semiconductor devices changes,
because propagation path of perturbation generated during switch turning on
and off are different, what has not been noticed for slow commutations. Thus,
the system containing two Wiener filters, which takes into account the converter
state changes, has been proposed

3.7.2 Wiener filter with state detection

The disturbances source identifications have been developed, in order to re-
move all errors presented in previous subsection. The aim is to find Wiener fil-
ters for all converter states describing EMI behavior of DC-DC boost and allow-
ing to reconstruct perturbations. The EMI behavior of the one switch in power
electronic application has been described by identification of two systems - first
for on state and the second for off state of the switch. The assignment of each
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Wiener filter to disturbance signals was determinated by additional control sig-
nal - in this case it was V|, gate-source voltage of MOSFET.

Supply DC LISN BOOST —

AL936N
(V) - - = | |LoAD
;‘ driver %
) !
L / |

/

/
{ turn on —L /
Perturbartions .
* turn off J

Figure 3.28: Two different systems for each state of the MOSFET

Ground

current or voltage
from the boost

The new approach - based on 3 step calculation - has been apply using Matlab®).

e In the first step input and output signals are divided in time domain into
two subsets and decomposed in two parts depending on the state of the
switch. The moment of dividing can be determined by V,, or derivative
of V,s by choosing suitable threshold. The threshold should be taken in
a range which allows to make correct assignment of the each switch state
for each system. For V,, greater than threshold all signals are linked with
first filter, if V,, is smaller than threshold they are attributed to second fil-
ter (figure(3.29). In the consider DC-DC boost converter, an instant before
commutation of MOSFET has been chosen. In some cases, when more ac-
curate dividing is necessary, it is favorable to take two thresholds, different
for turn on and turn off (figure(3.29 b).

e Two independent systems are identified in the second step - the first one
for on-state and the second one for off-state of the switch. In each sepa-
rately case, subset of V., and V; sy, obtained in first step, are used in
system identification. The Wiener filter transfer function calculation proce-
dures for each state is similar to method approach for one filter described in
section [3.7.2 . The results of this step are two independent Wiener filters
for representation of EMI behavior of whole one switch power electronic
circuit.

e Perturbation generated are reconstructed in the third step. Two systems
are used to reconstruct the electromagnetic perturbations generated by
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the boost in both states of the switch. Next, obtained signals are com-
posed to find all perturbations in time domain. Moreover, transfer func-
tions between source (semiconductors) and perturbation (voltage measured
on LISN) for each state of the switch can be found.
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Figure 3.29: The signals dividing using a) one threshold b) two thresholds

Algorithm described in this section has been applied to identify disturbance
sources in the DC-DC boost converter using simulation and measured data [51].
It is possible to identify transfer functions linking the voltage across the MOS-
FET to the voltage across LISN. Two different transfer functions have been iden-
tified, one for the on state, one for the off state (fig/3.28).

After the identification of the two systems corresponding to the boost, it is
possible to reconstruct the EMI disturbances. The voltages registered on the
LISN obtained with Saber time simulations in comparison with reconstructed
signal, using the two Wiener filters, are presented in figure [3.30. As an input
signal, MOSFET voltage V,;, has been used. The reconstructions mean error in
this particular case is lower than 1 %.

Other semiconductors waveforms have been used for identification and recon-
struction. However, measurement of the voltage across MOSFET was the most
simple (compared to current measurement for instance).

The measured signal contains additionally noises from external sources and
measure equipment, which are outcome of sampling inaccuracy. It can be noticed
that the appeared noises are not reconstructed (Fig.[3.32), since they are not cor-
related with source of disturbances - V,,. Thanks to the Wiener filtering method,
it is possible to separate the contribution of the driver by choosing two different
thresholds in dividing switch state (figure'3.29 b), so driver contribution can also
be reconstructed (Fig.[3.32 b) or not (Fig. a).
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Figure 3.30: The voltage waveforms a) V., simulated b) V; ;55 simulated
witch Saber®) c) reconstructed by Wiener filter

Moreover, it is possible to divide perturbations in the groups for different
converter state and propagations path - in figure open state and close state
perturbations are separated. If threshold is chosen incorrectly some perturba-
tion from one state could be assigned to the second one, thus it can have influ-
ence on reconstruction process or transfer function calculation.

3.8 Conclusion

The EMI behavior of DC-DC boost converter has been investigated. The sim-
ulation has been done using accurate models of all components of the circuit,
what allows to observe chosen voltage and current. The generation and proper-
ties of conducted perturbation have been analysed. The impact of chosen com-
ponents on perturbation level has been presented. The results from simulation
and measurement have been compared, the average error is smaller than 10 %.
This knowledge allows to develop the simplified model of DC- DC converter for
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Figure 3.31: The voltage waveforms V;,iich, Vyate and Vi sy measured and
reconstructed with the WF

fast EMI estimation in frequency domain and it was used in validation of Wiener
filtering method.

The "Wiener filtering” method has been applied to determine the main cause
of EMI disturbance, originated from a power electronics converter and to identify
the transfer function between source and perturbation. First, one filter has been
used for state independent approach, next two filters have been distinguished
for open and close state of MOSFET. It was proved that propagation paths for
these two states are different. This time and frequency domain methods can be
used with either measurement signals or simulations. It has been applied to the
boost switching cell, where power MOSFET voltage is shown as the main EMC
actor and reconstruction works quite good and fast. The average errors is in
the range between 0.5 % and 10 %, depending on chosen threshold during state
detection. The investigation has been done for two types of transistor drivers.
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Chapter 4

Hard switching inverter

Science... never solves a problem without creating
ten more.

George Bernard Shaw

4.1 Introduction

In this chapter the EMI forecast and analyze methods will be applied to var-
ious three phase hard switching inverters, which are traditionally used as three
phase voltages sources in many applications. The study of the pulse width mod-
ulation (PWM) and pulse density modulation (PDM) inverters are presented in
this chapter. These kinds of converters are complicated in terms of the control
system, power stage, packaging and parasitic components. An essential part of
such investigation is the modeling of the whole system using simulation and
Wiener filter method. Moreover, the fundamental mechanisms of perturbation
generation and propagation are analyzed with computer simulation and labora-
tory experiments. The successful EMI performance prediction is conditioned by
accurate noise source and path information.

Power .
supply LISN Inverter Cabling Load
QKD
1
7 47 4

L ] =

Figure 4.1: The DC/AC motor fed system
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In the typical voltage source inverter, CM conducted emission are caused by
currents that flow between the inverter and the earth of the system. In an in-
verter system, like in all typical power electronic devices, the combination of the
rapidly switched voltages and the various stray inductances and capacitances,
especially to earth, cause generation and propagation of conducted emission .
The transistors are mounted on the metal base plate with an electrical insu-
lating material. This insulating layer is normally made as thin as possible in
order to make the thermal resistance small and the stray capacitance between
the collector and the base plate tends to be large. CM current flows to the metal
baseplate that is connected to the heatsink. The heatsink is normally grounded
for safety reasons. It can be said, that the placement of circuit components and
the load has strong impact on the level of CM noise.

EMI problems in hard switching three phase inverter have been discussed
by many authors. A few ways of perturbation analyzes and forecasting can be
distinguished. The equivalent circuit can be built using models of all components
of inverter [38] [82]. Many paper can be found, where simplified models based on
engineering knowledge are presented [58] [60], [89], to be applied for fast EMI
estimation or where analytical solution can be carried out [56]. Models described
in [27], [74], [88], don’t only focus on an inverter, but take into consideration also
DC source, load, motor and cabling.

4.2 Simulation

Accurate wide band model of inverter has been built in SaberSketch®. This
model takes into consideration only inverter with PWM control and LISN. The
very simple models of parts of system as voltage source, load and cabling are
also included in simulation schema. The aim was to obtain model, that allow to
analyze all phenomena connected with perturbation generation and propagation
and to observe voltage and currents waveforms in the moment when switching
occur. Thus, this model has not been constructed for accurate EMI forecasting,
and that’s why results don’t exactly agree with ones from real application. In
fact it can be used for the validation of the perturbation reconstruction method.

Models of all circuit components have been constructed as it is presented
in chapter 2. The semiconductor models have been taken from Saber®) library
and corrected with parameters from producer data sheet. Insulated gate bipolar
transistors (IGBT) are used as switching devices. The inverter layout is more
difficult to modeling than boost connections, because of high complexity, however
all main conductors are taken into consideration. Parasitic inductances have
been subtracted with PEEC (formula method and parasitic capacitances
with Paul formula(2.12|
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Figure 4.2: Inverter schema from SaberSketch
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Figure 4.3: Voltages across the switches and LISN waveform obtained by
simulation
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Simulations of inverter EMC behavior is a process that needs a lot of time and
computer power because of the high complexity of circuit and great discrepancy
of time constans. Even with simply models of all components, it takes more than
3 hours for computer with Pentium 4, 2.00 GHz processor and 512 MB RAM. If
more accurate models are taken, this time could be doubled.
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Figure 4.4: Voltages across the switches and LISN spectra obtained by
simulation

Since in one leg of the considered inverter, sum of voltages across the upper
and the lower switches is always equal DC link voltage, it is sufficient to ob-
serve commutations in three upper legs. Voltages waveforms across the three
switches - the main sources of disturbances - and perturbation registered on 50¢2
LISN resistor are presented in figure It can be noticed that these signals
are correlated (figs.[4.4 and [4.3). In the instants when transistors are turn on or
off, perturbations occur. The oscillations after commutation have the same fre-
quency in both waveforms. The perturbation amplitude is strongly dependent on
semiconductor voltages velocity changes dV;cn/dt.

Moreover, it is possible to subtract common and differential mode noise (ac-
cording chapter/1.1), but in this case, DM perturbation are infinitesimal, what is
shown in figure [4.5| The cancellation of DM is mainly due to the filtering influ-
ence of input capacitor. It can be noticed, that CM perturbation have dominate
role in the whole noise.
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Figure 4.5: Differential-mode and common-mode separation

4.3 Wiener filter

In this thesis the new technique of fast EMI reconstruction and prediction,
that allows fast and more accurate estimation of the perturbations for a power
electronic inverter is presented. Starting from digital signal processing basis, we
aim to determine the contribution of perturbations level, due to switch turn on
and turn off. This digital signal processing method is based on powerful Wiener
filtering approach (section 1.3), that links the source of disturbances and noise
measured on LISN. The main aim is to find numerical representation of those
components of circuit, which take a part in perturbation propagation. From the
digital signal processing theory, transfer functions of unknown system describ-
ing EMI behavior of inverter are requested.

The perturbation from power electronic converters are generated during semi-
conductors turn on or turn off. The fast rated changing voltage on one of circuit
elements is the reason for perturbation that appears and can be registered on
the LISN. Standardized LISN is typically used for perturbation measurements
generated in power electronic applications. The level and waveforms of pertur-
bations depend not only on voltage (dv/dt) and current (di/dt) rise or fall time,
but also propagation path has an influence on it. Parasitics of all components
can not be neglected, including parasitic capacitances and inductances of semi-
conductors and passive components, inductance of connection and conducting
tracks and also capacitances to the ground.
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In this method, the following assumptions have been adopted:

e perturbation is the result of commutation of only one switch, but level and
waveform of perturbations strongly depends on state of residual semicon-
ductors,

e transistors in parallel branches cannot be switch in exactly the same time
instant, what is quite typical in modern power electronic applications.

4.3.1 Specifying inverter states

In previous papers, in order to forecast perturbation, authors used only one
transfer function between switch and the line impedance stabilization network
(LISN) voltage [72], [9]. In author opinion, such a simplification is too strong and
in some cases could lead to incorrect results. The perturbation paths can be dif-
ferent owing to various parasitics which take part in propagation. The waveform
during commutation of first transistor, when neighboring switches are open, is
not the same with closed ones. The inside junction capacitances of semiconduc-
tor device changes during inverte operation and have different values for open
and close switch what make propagation paths different. The states of all semi-
conductor devices have influence on perturbation level. So, it can be concluded
that the level of perturbation generated during commutation of one switch is
strongly depended on states of all other inverter switches [52].

Therefore, the transfer function between source of perturbation and pertur-
bation registered on the LISN depends on all circuit parameters and state of
inverter. It can be also noticed that values of all components are time invariant
during typical inverter operation, but only inverter state is changing.
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+
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Figure 4.6: The voltages used to inverter state definition.
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Conventionally , the eight states of three phase bridge inverter can be de-
fined in accordance with voltage space vector which is produced on the output
of converter. However, this approach is not useful for EMI analyzes, because
it is impossible to find which semiconductor device is a source of disturbances.
Moreover, it is necessary to know previous state of inverter. In this thesis, def-
inition of new method of states determination based on voltages between one
of busbar DC+ or DC- and midpoints of three parallel inverter legs (fig. 4.6) is
presented. These voltages can be easily obtained by computer simulations and
they are available for measurement in a large majority of real applications. The
proposed approach allows to define 12 states and to determinate of 12 trans-
fer function linking voltages across the switches and the 502 LISN resistor, to
forecast perturbation waveforms.

When commutation happens in the first leg (transistor or diode is turn on
or turn off), the other semiconductor devices are on (low voltage) or off (high
voltage). Regarding only U, and U; level, four different inverter states can be
defined for one switch commutation (dU; /dt # 0). These states are different be-
cause propagation path are different and intrinsic capacitances of semiconduc-
tors change.

Table 4.1: DC/AC hard switching converter states definition for U; change.

state Uy Uy Us
1 change | high | high

2 —— high | low
3 —— low | high
4 —— low | low

Table 4.2: DC/AC hard switching clcl)nverter states definition for U, and U;
change

state | U; U, Us

5 high | change | high

6 high —— low

7 low —— high

8 high —— low

9 high | high | change

10 | high | low -
11 low | high —
12 | high | low —
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Respectively, next states are defined for commutations in remaining legs,
when U, and U; are changing (table 4.2). To conclude, for accurate forecasting of
EMI perturbations generated in hard switching inverter, the 12 states should be
distinguished for different propagation paths. Moreover, as perturbations spread
in a different way, when the switch is turn on and turn off, it provides total num-
ber of states doubled, what finally leads to the 24 states.

This method can be used to reconstruct inverter perturbation waveforms, for
all kind of modulation. There is no need to check, which semiconductor - transis-
tor or diode - actually conducts the current in chosen inverter leg. Furthermore,
dead time and delay phenomena are taken into account.

4.3.2 Validation of Wiener filter method

In order to forecast EMI disturbances in the particular DC/AC hard switching
converter using Wiener filtering method (chapter(1.3), the 24 transfer functions
should be calculated (fig. [4.7) for turn on and turn off for each of 12 inverter
states (see tables 4.1 and [4.2). The aim is to better achieve two objectives: to
estimate the system H, and the disturbance p, by measuring only two signals.

e source of disturbances v (which is one of the voltages U, U, or U; defined
in figure. 4.6),

e total disturbance p, measured on the LISN.

The signal recorded on LISN is decomposed into blocks. One block contains
samples from time period between two neighboring commutations. In order to
apply Wiener filtering, each block is linked with one of 24 systems, depending
on inverter state and direction of commutation. For each system, the voltages
across the one switch (from the leg where commutation occurs) and LISN are
used to calculate transfer function.

In order to apply the Wiener filtering method, the new software has been
built in Matlab® environment (appendix A). The input signals are the inverter
switch voltages U;, U, and Us (fig. [4.6), which are used first to detect inverter
state and then to calculate perturbation. The total reconstructed signal is com-
position of signals achieved from all of 24 systems. The result of disturbances
reconstruction is presented in figure [4.8|

It can be noticed that signals obtained by Wiener filtering are almost the
same as the original ones. In this case, the normalized estimation error is 3.5%.
The inaccuracy can be explained by perturbations not correlated with the input
voltages, interfered from another sources as load, transistors drivers or control
system. Moreover in many digital signal processing algorithms, not sufficient
number of samples can be a problem. As the DC/AC converter can operate in
some states for a short time, resulting in a low number of samples for these
periods. In this case Saber® simulations have been effected with variable cal-
culating step, producing non-regular number of samples per estimation period.
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Furthermore, using data from measurement as input signals, suitable number
of samples should be assured in measurement equipment.
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Figure 4.9: The LISN voltage spectra a) simulation b) estimation

Comparative evaluation of the EMI simulation and estimation by Wiener fil-
tering in the frequency domain is shown in figure In high frequencies range,
above 10 MHz, is indicated approximate estimation error of 2%. In this case
reconstruction of perturbations is quite precise, excepting this number samples
discrepancy. In comparison with "typical” simulations, which need lots of com-
puting time, powerful simulators and fast computers, Wiener filtering method is
more effective as can be realized in a short time.

The identification of source disturbances can be obtained directly with this
method: each part of perturbation waveform can be linked with the correspond-
ing inverter switch commutation voltage (fig./4.10). It allows to separate pertur-
bation generated by each particular switch or make EMC analyzes for chosen
state of inverter. The worse working condition can be found, when maximal level
of perturbation occurs. This knowledge is useful to optimization for geometrical
layout and reductions of EMI emissions.

The main circuit property changes during system operation. Components
that take part in EMI propagation and their parameters have variable actions,
so the level of perturbations depends on inverter state. Considering transfer
functions of Wiener filter of only one switch (U;), they are different for 4 inverter
states (table [4.1). The shape of transfer function depends on propagation path
and participation of all parasitics components which take a part in perturbations
propagation. Although, all envelopes of impulse response are similar (fig. 4.12),
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Figure 4.12: The impulse response for different states of inverter obtained from
Wiener filtering method using data from simulation (table pl-4))

the waveforms are completely different. In figure 4.11 it is also shown the dif-
ferent resonance frequencies which induce an amplification of electromagnetic
perturbations in some particular frequency bands. Thus, the figures 4.11 and
4.12| are the proof, that level and propagation path of perturbations generated
in inverter depend of his state.

To verify results obtained with simulation data in the above section, the con-
ducted EMI of hard switching inverter has been measured. The perturbations
reconstruction and source identification have been done using data from mea-
surement. The hard switching inverter was supplied from traction battery 120V
through the LISN. The induction machine was used for a load. The measure-
ment was realized with 4 channel oscilloscope Textronix TDS5034B with high
voltage differential probes.

The waveforms have been registered with sampling frequency 50 MHz. The
EMI generation for two kinds of modulation was carried out by:

e PWM - pulse width modulation
e PDM - pulse density modulation (sigma - delta)

The reconstruction of perturbations, generated by hard switching inverter
with PWM modulation, using Wiener filtering works correctly, what is shown in
figures 4.13 and 4.15, where waveform and spectra of the measured LISN volt-
age iare compared with the calculated one. The approximate estimation error is
3.3%. 1t should be noticed that in real applications not all inverter states occur,
but it does not influence on reconstruction accuracy. Moreover, it can be noticed
that, perturbations from inverter control system are not reconstruct, because
they are not correlated with source of inverter.
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Figure 4.15: The LISN voltage spectra for PWM modulation a) measured b)
Wiener filter estimation

The results of Wiener filtering of signals from the inverter with PDM modu-
lation are depicted in figure|4.16. The reconstruction accuracy is also very high.
The approximate estimation error does not exceed 3.7%, the calculation time
was less than 4 min. in the whole emitted perturbation range (fig. 4.17). More-
over, this kind of modulation is a reason of signal processing problem: intervals
between commutations are irregular, thus errors in transfer function calcula-
tion are slightly increased because of different number of samples for irregular
inverter states.
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waveforms for PDM modulation b) zoom

For perturbations estimation in hard switching inverter it is necessary to use
several Wiener filters, because the level and waveform of perturbations strongly
depend on system state. The analysis confirms that propagation path and contri-
bution of inverter components are different for different state of inverter. Iden-
tification of commutation disturbances allows to link voltages across switches
with perturbations. It is then possible to derive transfer function (impulse re-
sponse in time domain) determining a relationship between the cause and effect
of disturbances, that allows better understanding of EMI behavior of DC/AC
hard switching inverter.
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4.4 Conclusion

In this chapter, EMI behavior of hard switching inverter analysis has been
presented. Accurate simulations, using complex models of all circuit compo-
nents, have been used to observe currents and voltages during perturbation
generation. The propagation paths have been investigated and new definition
of inverter states has been proposed. The Wiener filtering method has been ap-
plied, where transfer function and/or impulse response for each state has been
calculated using only voltages from inverter. However, if the differential mode
noise takes greater part in total perturbation than in cases presented in this
thesis, inverter currents variation also should be take into consideration. It can
be said, that there are differences between transfer functions, what is the confir-
mation that the perturbation propagation path changes for each inverter state.
This knowledge allows to built new tool for fast EMI perturbation estimation
and separation noise from other sources. The validation has been done with data
from simulation and measurement for two kinds of modulation.
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Chapter 5

Soft switching inverter

A theory has only the alternative of being right or
wrong. A model has a third possibility: it may be
right, but irrelevant

Manfred Eigen

5.1 Introduction

A soft switching technique has been developed to alleviate an impact of EMI.
The Zero - Voltage - Switching (ZVS) and the Zero - Current - Switching (ZCS)
allow to reduce level of generated perturbation, especially for high frequency.
Many authors present different topology structures of this kind of application
[17], [34], [36], [69]. The soft switching inverter has less influence on pertur-
bation generation because of lower dv/dt and di/dt and also allows to decrease
voltage stress across the semiconductors devices, which are used as the power
switches, what is attractive for high frequency and high power application [75],
[771, [92]. The EMI generation mechanisms and the effects of soft switching tech-
nique on perturbation level is needed. In this thesis, ZVS parallel quasi resonant
dc link voltage inverter (PQRDCLI) [41], [42] (Fig.[5.1), forcing the dc link volt-
age to zero during inverter switch commutation, is taken into consideration.
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Figure 5.1: PQRDCLI circuit topology
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The auxiliary resonant circuit is used to provide soft switching for the entire
inverter. The state on inverter can only be changed at zero link voltage. In con-
sidered inverter, the PWM modulation is used, where a sine wave is compared
with triangle waveform. The parallel quasi resonant circuit is located in the dc
link of indirect frequency converter. Every commutation in the inverter is pre-
dated by reloading resonant circuit in order to discharge of the input capacitor
(. Hence, transistors of the inverter bridge are switched in ZVS conditions.

The EMI behavior of soft switching inverter analysis has been investigated
using simulation and Wiener filtering method, similar as it was done for hard
switching inverter in chapter 4. The main source of electromagnetic perturba-
tion is changing of the DC link voltage V;. The rise and fall time of this volt-
age is much lower than in hard switching inverter and it depends on auxiliary
resonant circuit parameters and operation conditions. Thus, the level of gener-
ated perturbation depends on geometrical and physical properties of circuit and
transient operation of the semiconductor devices. It can be said, that the pertur-
bation propagation path doesn’t change significantly, as it is for hard switching
inverter case (chapter/4.3.1), because state of all inverter semiconductor devices
is always the same (ZVS) when commutation occurs. However, in the PQRDCLI,
there are some differences in propagation path when voltage V; rises up and falls
down, so only two states of whole inverter are distinguished, what is connected
with charging and discharging of C'; capacitor.

5.2 Simulation

The accurate wide band model of the quasi DC link resonant voltage inverter
has been built in SaberSketch®). The circuit has been constructed using the same
modeling procedure as for hard switching inverter (chapter [4.2). Furthermore,
wide band models of all components, parasitics from auxiliary resonant and con-
trol circuit have been added. In spite of the simulation schema is not very accu-
rate, because of simplified load, cables and power supply models, it is very useful
for an inverter EMI behavior analysis and principle of operation. The simulation
schema is presented in figure(5.2.

Using results of simulation, it is possible to observe all voltages and currents
from the circuit. In figure [5.3, in the author opinion, are the most important
waveforms for EMC analysis of considered inverter. It can be said, that the
changing of DC link voltage and the inverter switches currents are the main
source of perturbation and the first of these signals contains all necessary infor-
mation to reconstruct V; ;55 waveform. In figure (5.4 spectra of DC link voltage
V; (voltage accros capacitor C'y) and perturbation are presented, where it can be
seen that these two signals are correlated. Moreover, some noise comes from T2
commutation, when it is switch on with non-ideal zero current condition.
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Figure 5.4: The spectra of DC link voltage and perturbation obtained from
simulation

The time dependencies between all semiconductors turn on and off, in consid-
ered circuit, have an impact on the shape and the level of generated perturba-
tion. The computer simulation allows to investigate influence of all parameters
of an inverter and load. For example, all inverter transistors are turned on dur-
ing some time ¢, When DC link voltage is closed to zero voltage condition. If
this time ¢, is changed, the dV;/dt and amplitude of i, are also changed,
what has influence on perturbation V;;5y. In figure waveforms for two dif-
ferent times (tuitch1 > Lswiten2) are presented.

Moreover, it is possible to compare common and differential mode noise (ac-
cording chapter (1.1). In this case - similar as for hard switching inverter (chap-
ter/4.2), DM perturbation are much smaller in the whole conducted perturbation
frequency range, what is shown in figure 5.6.

In order to show impact of the auxiliary resonant circuit on perturbation
level, simulation of consider circuit have been done for hard switching. The tran-
sistors T1 was permanently turned on and T2 turned off - all operation of res-
onant circuit was stopped. In figure 5.7 perturbation spectra for soft and hard
switching are compared. As it is known, resonance implies higher peak current
an voltage, and thus higher disturbances in the low frequency range, whereas it
generates lower high frequency perturbations due to smoother commutations.
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Figure 5.7: The comparison of the perturbation spectra for soft and hard
switching inverter inverter

5.3 Experimental results

Figure 5.8: View of the quasi resonant DC
link voltage inverter and LISN

An experimental investigation on con-
ducted EMI of the quasi DC link reso-
nant voltage inverter has been carried
out. The converter has been connected
to the power supply through the LISN
(Schaffner NNB 41), where voltages has
been registered in typical conditions of
operation using the oscilloscope Textronix
TDS5034B with high voltage differential
probes. The sampling frequency was 250
ns. The converter load was an induction
machine SZJe 34a, 220/380 V, 3 KW. The
measurements have been done for dif-
ferent conditions of operation, load cur-
rent and power factor and time depen-
dencies, which were changing. In figure
5.9 one of the measurement results is
shown. It should be said, that it doesn’t
precisely agree with the simulation, but
the level, operation periods and voltage

slop shapes are similar. Moreover, the laboratory circuit contains additonally
circuits like control system supply from DC/DC converter, which also generate
perturbation, what can be seen in figures and 5.13.
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Figure 5.9: The measured transient waveforms a) V; - DC link voltage, b)
perturbation registered from LISN

5.4 Wiener filter

The computer based EMI analysis tools are required to aid better under-
standing and improving performance of soft switching inverters. The essential
part of this thesis is to identify sources of disturbances and find transfer function
between them and the generated perturbations. In order to calculate this trans-
fer function, Wiener filtering method has been used. In the circuit, there are
few source of disturbances, but the most significant one is the DC link voltage,
which is changing when inverter switches state is to be changed. For all these
operations, inverter state is always the same - all semiconductors are turned on,
when the DC link voltage is zero volts. When DC link voltage comes from zero to
V; inverter can be in 8 different states, depend on all semiconductors state after
commutation, but it has not significant influence on perturbation propagation
path. However, the whole system is non stationary and perturbation propaga-
tion paths are different for DC link voltage rise up and fall down. Thus, in this
case Wiener filter is synchronized on the changes of this system and two Wiener
filters are used to described EMI behavior of the considered inverter. First, the
data obtained from simulation has been used to calculate Wiener filters. Re-
sults are shown in figure where source of disturbances is present. The per-
turbation from simulation and reconstructed with Wiener filter are compared.
The average reconstruction errors is 4.3 %. One can notice that, the perturba-
tion caused by 75 transistor commutation are not reconstructed correctly (figures
5.13/and 5.12).
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Figure 5.10: The DC link (a) and LISN voltages (b) waveforms from simulation
and Wiener filter reconstruction

The propagation path depends on auxiliary circuit state. Fundamentally, the
two states can be distinguished, one when DC link voltage rises up and the
secend when it falls down. The transfer functions for these two states are pre-
sented in figure 5.11. It can be confirmed, that spectra are completely different
in the frequency range above 10 MHz, what proves the thesis of this work, that
the level and propagation paths are depended on system state.

The Wiener filtering method has been also used with data from measure-
ment. The reconstructed waveforms (Figure [5.12) don’t agree precisely with
measured ones as from simulation data, because the perturbation signal con-
tains more noise, which is uncorrelated with DC link voltage. Moreover, in the
figure 5.6, it can be observed that propagation path for DM and CM noise is
completely different, what can be an explanation of Wiener filtering method ac-
curacy. However, referring to spectra in figure it can be found that in this
case Wiener filtering method also works well. In figure influence of the ex-
ternal DC/DC converter and 7, commutation on total perturbation waveform is
shown. These two signals are not correlated with the avowed source of distur-
bance signal (DC link voltage), hence the impact of them in reconstructed signal
is not observabled.
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Figure 5.11: The Wiener filter transfer functions for two states of inverter
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measurement and Wiener filter
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- influence of external DC/DC converter -> and 75 commutation ->

Moreover, it is possible using Wiener filtering method to separate noise from
external converter providing its input signal to Wiener filter, during adaptation
process. In the figure [5.14 waveform of total perturbation (a) is divided to ones
from the inverter and the external DC/DC converter. The spectra of these sig-
nals are presented in figure These kind of results can be useful for reduc-
tion and analysis of EMI in real application, where signal from LISN contains
perturbations from more than one source.

5.5 Conclusion

In this chapter, EMI behavior of soft switching inverter analysis has been
presented. Using data obtained from simulation, the main sources of distur-
bances have been identified. In this particural case, changes of DC link voltage
V; and currents in inverter semiconductors are the main reason of generated
perturbation. The perturbations are also generated because of the operation of
T, and external sources. The Wiener filtering method, using two filters, have
been applied. The validation has been made for data obtained from simulation
and measurement. This method allows to separate noises from different sources
in time or frequency domain.
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Chapter 6

Conclusion and future work

There are no answers, only cross-references

Norbert Wiener

6.1 Summary and overview

This thesis gives a step to better understand phenomena connected to con-
ducted perturbations generation. EMI behavior of power electronics converters
has been investigated using computer simulation and digital signal processing
method - Wiener filtering. In the simulation study, the most accurate presently
available models of components of circuit have been used and improved. The
layout equivalent circuit of considered applications, for capacitive behavior, has
been proposed. The results allow to observe all currents and voltages from the
system and to analyze phenomena connected with perturbation generation and
propagation. This methodology is very useful in design process, when a cost of
optimization is relatively low. Moreover, the sensitivity of circuit parameters
have been checked. As it has been shown, the most important are values of par-
asitics, especially capacitance to the ground. The results of calculation have been
verified by measurements. However, the disadvantages of simulation are as fol-
low: building of simulated circuit needs much work and time, powerful computer
and simulation program. There are difficulties with finding correct component
models and values of circuit parameters.

The proposed Wiener filtering method is very useful for identifying the trans-
fer function between source and generated perturbations. It allows to identify
the source of perturbations - fast changing rate of voltages or currents of semi-
conductors in the circuit. In order to reconstruct perturbations of considered
converters, n Wiener filters have been used, where n depends on number of con-
verter states.The main thesis contribution was to prove a proper representation
number and choice of falter for three categories of converters:

1. DC/DC boost converter (n = 2)
2. DC/AC hard switching inverter (n = 24)

3. DC/AC soft switching inverter (n = 2)
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The transfer functions for all inverter states are different, resulting that the
level of perturbations generated in power electronics converters depend on their
actual state. The analysis confirmed that propagation path and contribution of
inverter components are different for different state of inverter. The identifica-
tion of commutation disturbances allows to link voltages across switches with
perturbations. It is then possible to derive transfer functions (impulse responses
in time domain) determining a relationship between the cause and effect of dis-
turbances. Using this approach, it is possible to reconstruct perturbation wave-
forms or spectra with very high accuracy or predicting EMI with different com-
mand laws, without any real implantation or time consuming simulation.

Furthermore, the comparison of soft and hard switching of inverter has been
effected. It can be noticed, that soft switching technique allows to reduce pertur-
bation in high frequency range, but it has minor impact on perturbation level
for low frequencies. Thus, soft switching technique can be mainly use in order to
reduce the high frequencyperturbation.

6.2 Future work

Can we evaluated the implications of identifying the transfer function be-
tween source and generated perturbations, using Wiener filtering method ? In
the author’s opinion, it allows to reconstruct generated perturbation, what can
be particulary useful in:

e optimization of operation condition of already existing system, for example
in investigation of modulation strategy or finding optimal shape of wave-
form of voltages across the switches

e building the inverter models for fast EMI estimation in electronics simula-
tion, but first the separate Wiener filters for differential-mode and common-
mode perturbation should be calculated

e reduction of EMI perturbation in design process by layout optimization
e EMC filter design

e development of new inverters topologies and models.
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Appendix A

The validation of Wiener filtering method - Matlab® m-file

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052

function [pert,tfallirall]=hard(vds1,vds2,vds3,

vlisn,t);

% HARD SWITCHING INVERTER ELECTROMAGNETIC EMMISSI®REEONSTRUCTION

%

o [pert,tfallirall]=hard(vds1,vds2,vds3,vlisn,t
%

% Inputs :

X

%  vdsl, vds2, vds3 - voltages accross the 3 upper switche

% vlisn : measured electromagnetic perturbations
% t - time vector

%

% Outputs :

%  pert : total EM perturbations reconstructed
%  tfall - all transfer functions

% irall - all impulse response

%

global c;

global L;

global tfall;

global irall;

%line vectors

vdsl=vdsl(:).’;
vds2=vds2(:).’;
vds3=vds3(:).’;
t=t().;

% vectors length
L=length(vds1);

% sampling frequency
fe=1/(t(2)-t(1));

% substraction of the mean average
ul=vdsl;u2=vds2;u3=vds3;
vdsl=vdsl-mean(vdsl);
vds2=vds2-mean(vds2);
vds3=vds3-mean(vds3);
vlisn=vlisn-mean(vlisn);

% oscilation filering for state detection
display('Apply oscilation filtring?’)
filtrind = input(Y/N : ’, ’s’);

if (isequal (filtrind,’Y") | isequal (filtrind,'y’))
% oscilation filtering
vds1f=filtervs(vdsl);
vds2f=filtervs(vds?2);
vds3f=filtervs(vds3);
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0053 % time-derivation of vswitch = state indefication

0054 dvdsl=[vds1f(2:L)-vds1f(1:L-1) O];

0055 dvds2=[vds2f(2:L)-vds2f(1:L-1) 0];

0056 dvds3=[vds3f(2:L)-vds3f(1:L-1) O];

0057

0058 else

0059 % time-derivation of vswitch = source of perturbations
0060 dvdsl=[vds1(2:L)-vds1(1l:L-1) OF;

0061 dvds2=[vds2(2:L)-vds2(1:L-1) OF;

0062 dvds3=[vds3(2:L)-vds3(1:L-1) 0];

0063 end

0064

0065 %threshold definition for vs and derivative of vs

0066

0067 figure;plot(dvds1);

0068 grid on;

0069 hold; plot(dvds2,’r");plot(dvds3,'g’);

0070 title('switch waverform derivatives °);

0071 display('Derivative threshold definition’)

0072 dthresholdplus = input('Threshold for turn off (0<=th reshold<=max) ? : );
0073 dthresholdminus = input('Threshold for turn on (min<= threshold<=0) ? : );
0074 close

0075

0076

0077 % finding state change points

0078 tvds=zeros(1,L);

0079

0080 indiceslo=find(dvds1>=dthresholdplus);

0081 tvds(indiceslo-adv)=1.0;

0082

0083 indiceslc=find(dvdsl<=dthresholdminus);
0084 tvds(indiceslc-adv)=2.0;

0085

0086 indices2o=find(dvds2>=dthresholdplus);

0087 tvds(indices20-adv)=3.0;

0088

0089 indices2c=find(dvds2<=dthresholdminus);
0090 tvds(indices2c-adv)=4.0;

0091

0092 indices3o=find(dvds3>=dthresholdplus);

0093 tvds(indices30-adv)=5;

0094

0095 indices3c=find(dvds3<=dthresholdminus);
0096 tvds(indices3c-adv)=6;

0097

0098 % determine switching samples

0099 dvds=tvds(2:L)-tvds(1:L-1);dvds=[dvds O];
0100

0101 switching=[find(dvds>=1) L];

0102 nb=length(switching);

0103

0104 % bloc characterization (switch state, first and last s amples, nbr of samples)
0105 svdslao=0;svds1bo=0;svdslco=0;svds1do=0;
0106 svdslac=0;svdslbc=0;svdslcc=0;svdsldc=0;
0107 svds2ao0=0;svds2bo=0;svds2c0=0;svds2do=0;
0108 svds2ac=0;svds2bc=0;svds2cc=0;svds2dc=0;
0109 svds3ao=0;svds3bo=0;svds3co=0;svds3do=0;
0110 svds3ac=0;svds3bc=0;svds3cc=0;svds3dc=0;
0111

0112 vdslaobloc.duration=0;vdslbobloc.duration=0;
0113 vdslcobloc.duration=0;vdsldobloc.duration=0;
0114

0115 vdslacbloc.duration=0;vdslbcbloc.duration=0;
0116 vdslccbloc.duration=0;vdsldcbloc.duration=0;
0117

0118 vds2aobloc.duration=0;vds2bobloc.duration=0;
0119 vds2cobloc.duration=0;vds2dobloc.duration=0;
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0120
0121
0122
0123
0124
0125
0126
0127
0128
0129
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139
0140
0141
0142
0143
0144
0145
0146
0147
0148
0149
0150
0151
0152
0153
0154
0155
0156
0157
0158
0159
0160
0161
0162
0163
0164
0165
0166
0167
0168
0169
0170
0171
0172
0173
0174
0175
0176
0177
0178
0179
0180
0181
0182
0183
0184
0185
0186

vds2acbloc.duration=0;vds2bcbloc.duration=0;
vds2ccbloc.duration=0;vds2dcbloc.duration=0;

vds3aobloc.duration=0;vds3bobloc.duration=0;
vds3cobloc.duration=0;vds3dobloc.duration=0;
vds3acbloc.duration=0;vds3bcbloc.duration=0;
vds3ccbloc.duration=0;vds3dcbloc.duration=0;

for ind=1:nb-1

w=switching(ind);

% open 1 state

if (dvds(w)==1 & vds2(w)>=0 & vds3(w)>=0)
svdslao=svdslao+1;
vdslaobloc(svdslao).firstlastsample=[switching(
vdslaobloc(svdslao).duration=switching(ind+1)-s

elseif (dvds(w)==1 & vds2(w)>=0 & vds3(w)<=0)
svdslbo=svdslbo+1,;
vdslbobloc(svds1bo).firstlastsample=[switching(
vdslbobloc(svdslbo).duration=switching(ind+1)-s

elseif (dvds(w)==1 & vds2(w)<=0 & vds3(w)>=0)
svdslco=svdslco+1;
vdslcobloc(svdslco).firstlastsample=[switching(
vdslcobloc(svdslco).duration=switching(ind+1)-s

elseif (dvds(w)==1 & vds2(w)<=0 & vds3(w)<=0)
svdsldo=svdsldo+1,;
vdsldobloc(svdsldo).firstlastsample=[switching(
vdsldobloc(svdsldo).duration=switching(ind+1)-s

% close 1 state

elseif (dvds(w)==2 & vds2(w)>=0 & vds3(w)>=0)
svdslac=svdslac+1,;
vdslacbloc(svdslac).firstlastsample=[switching(
vdslacbloc(svdslac).duration=switching(ind+1)-s

elseif (dvds(w)==2 & vds2(w)>=0 & vds3(w)<=0)
svdslbc=svdslbc+1;
vdslbcbloc(svdslbc).firstlastsample=[switching(
vdslbcbloc(svdslbc).duration=switching(ind+1)-s

elseif (dvds(w)==2 & vds2(w)<=0 & vds3(w)>=0)
svdslcc=svdslcc+1;
vdslccbloc(svdslcc).firstlastsample=[switching(
vdslccbloc(svdslcc).duration=switching(ind+1)-s

elseif (dvds(w)==2 & vds2(w)<=0 & vds3(w)<=0)
svdsldc=svdsldc+1;
vdsldcbloc(svdsldc).firstlastsample=[switching(
vdsldcbloc(svdsldc).duration=switching(ind+1)-s

% open 2 state

elseif (dvds(w)==3 & vdsl(w)>=0 & vds3(w)>=0)
svds2ao=svds2ao+1;
vds2aobloc(svds2ao).firstlastsample=[switching(
vds2aobloc(svds2ao).duration=switching(ind+1)-s

elseif (dvds(w)==3 & vdsl(w)>=0 & vds3(w)<=0)
svds2bo=svds2bo+1;
vds2bobloc(svds2bo).firstlastsample=[switching(
vds2bobloc(svds2bo).duration=switching(ind+1)-s

elseif (dvds(w)==3 & vdsl(w)<=0 & vds3(w)>=0)
svds2co=svds2co+1;
vds2cobloc(svds2co).firstlastsample=[switching(
vds2cobloc(svds2co).duration=switching(ind+1)-s

elseif (dvds(w)==3 & vdsl(w)<=0 & vds3(w)<=0)
svds2do=svds2do+1;
vds2dobloc(svds2do).firstlastsample=[switching(
vds2dobloc(svds2do).duration=switching(ind+1)-s

% close 2 state

elseif (dvds(w)==4 & vdsl(w)>=0 & vds3(w)>=0)
svds2ac=svds2ac+1;
vds2acbloc(svds2ac).firstlastsample=[switching(
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0187
0188
0189
0190
0191
0192
0193
0194
0195
0196
0197
0198
0199
0200
0201
0202
0203
0204
0205
0206
0207
0208
0209
0210
0211
0212
0213
0214
0215
0216
0217
0218
0219
0220
0221
0222
0223
0224
0225
0226
0227
0228
0229
0230
0231
0232
0233
0234
0235
0236
0237
0238
0239
0240
0241
0242
0243
0244
0245
0246
0247
0248
0249

end

vds2acbloc(svds2ac).duration=switching(ind+1)-s
elseif (dvds(w)==4 & vdsl(w)>=0 & vds3(w)<=0)
svds2bc=svds2bc+1;
vds2bcbloc(svds2hbc).firstlastsample=[switching(
vds2bcbloc(svds2bc).duration=switching(ind+1)-s
elseif (dvds(w)==4 & vdsl(w)<=0 & vds3(w)>=0)
svds2cc=svds2cc+1,;
vds2ccbloc(svds2cc).firstlastsample=[switching(
vds2ccbloc(svds2cc).duration=switching(ind+1)-s
elseif (dvds(w)==4 & vdsl(w)<=0 & vds3(w)<=0)
svds2dc=svds2dc+1;
vds2dcbloc(svds2dc).firstlastsample=[switching(
vds2dcbloc(svds2dc).duration=switching(ind+1)-s

% open 3 state
elseif (dvds(w)==5 & vdsl(w)>=0 & vds2(w)>=0)
svds3ao=svds3ao+1;
vds3aobloc(svds3ao).firstlastsample=[switching(
vds3aobloc(svds3ao).duration=switching(ind+1)-s
elseif (dvds(w)==5 & vdsl(w)>=0 & vds2(w)<=0)
svds3bo=svds3bo+1;
vds3bobloc(svds3bo).firstlastsample=[switching(
vds3bobloc(svds3bo).duration=switching(ind+1)-s
elseif (dvds(w)==5 & vdsl(w)<=0 & vds2(w)>=0)
svds3co=svds3co+1;
vds3cobloc(svds3co).firstlastsample=[switching(
vds3cobloc(svds3co).duration=switching(ind+1)-s
elseif (dvds(w)==5 & vdsl(w)<=0 & vds2(w)<=0)
svds3do=svds3do+1;
vds3dobloc(svds3do).firstlastsample=[switching(
vds3dobloc(svds3do).duration=switching(ind+1)-s
% close 3 state
elseif (dvds(w)==6 & vdsl(w)>=0 & vds2(w)>=0)
svds3ac=svds3ac+1;
vds3acbloc(svds3ac).firstlastsample=[switching(
vds3acbloc(svds3ac).duration=switching(ind+1)-s
elseif (dvds(w)==6 & vdsl(w)>=0 & vds2(w)<=0)
svds3bc=svds3bc+1;
vds3bcbloc(svds3bc).firstlastsample=[switching(
vds3bcbloc(svds3bc).duration=switching(ind+1)-s
elseif (dvds(w)==6 & vdsl(w)<=0 & vds2(w)>=0)
svds3cc=svds3cc+1;
vds3ccbloc(svds3cc).firstlastsample=[switching(
vds3ccbloc(svds3cc).duration=switching(ind+1)-s
elseif (dvds(w)==6 & vdsl(w)<=0 & vds2(w)<=0)
svds3dc=svds3dc+1;
vds3dcbloc(svds3dc).firstlastsample=[switching(
vds3dcbloc(svds3dc).duration=switching(ind+1)-s

end

clear nb ind;

% time-derivation of vswitch = source of perturbations
if (isequal (filtrind,’Y’) | isequal (filtrind,’y"))

end

clear dvdsl dvds2 dvd3;

dvdsl=[vds1(2:L)-vds1(1l:L-1) O];
dvds2=[vds2(2:L)-vds2(1:L-1) O];
dvds3=[vds3(2:L)-vds3(1:L-1) 0];

% Wiener filtering calculation for 24 states- call func

0250 [pertlao,vdslaoir,tflaoir]=calpert(vdslaobloc,s
0251 [pertlbo,vdslboir,tflboir]=calpert(vdslbobloc,s
0252 [pertlco,vdslcoir,tflcoir]=calpert(vdslcobloc,s
0253 [pertldo,vdsldoir,tfldoir]=calpert(vdsldobloc,s
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ind)+1 switching(ind+1)];
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ind)+1 switching(ind+1)];
witching(ind);

ind)+1 switching(ind+1)];
witching(ind);

tion calpert

vdslao,dvdsl,vlisn,L,1);
vdslbo,dvds1,vlisn,L,2);
vdslco,dvdsl,vlisn,L,3);
vdsldo,dvds1,vlisn,L,4);



0254
0255 pertlo=pertlao+pertlbo+pertlco+pertldo;

0256

0257 pertlac=calpert(vdslacbloc,svdslac,dvdsl,vlisn, L,5);
0258 pertlbc=calpert(vdslbcbloc,svdslbc,dvdsl,vlisn, L,6);
0259 pertlcc=calpert(vdslcchbloc,svdslcc,dvdsl,vlisn, L,7);
0260 pertldc=calpert(vdsldcbloc,svdsldc,dvdsl,vlisn, L,8);
0261

0262 pertlc=pertlac+pertlbc+pertlcc+pertldc;

0263

0264 pert2ao=calpert(vds2aobloc,svds2ao,dvds2,vlisn, L,9);
0265 pert2bo=calpert(vds2bobloc,svds2bo,dvds2,vlisn, L,10);
0266 pert2co=calpert(vds2cobloc,svds2co,dvds2,vlisn, L,11);
0267 pert2do=calpert(vds2dobloc,svds2do,dvds2,vlisn, L,12);
0268

0269 pert2o=pert2ao+pert2bo+pert2co+pert2do;

0270

0271 pert2ac=calpert(vds2acbloc,svds2ac,dvds2,vlisn, L,13);
0272 pert2bc=calpert(vds2bcbloc,svds2bc,dvds2,vlisn, L,14);
0273 pert2cc=calpert(vds2ccbloc,svds2cc,dvds2,vlisn, L,15);
0274 pert2dc=calpert(vds2dcbloc,svds2dc,dvds2,vlisn, L,16);
0275

0276 pert2c=pert2ac+pert2bc+pert2cc+pert2dc;

0277

0278 pert3ao=calpert(vds3aobloc,svds3ao,dvds3,vlisn, L,17);
0279 pert3bo=calpert(vds3bobloc,svds3bo,dvds3,vlisn, L,18);
0280 pert3co=calpert(vds3cobloc,svds3co,dvds3,vlisn, L,19);
0281 pert3do=calpert(vds3dobloc,svds3do,dvds3,vlisn, L,20);
0282

0283 pert3o=pert3ao+pert3bo+pert3co+pert3do;

0284

0285 pert3ac=calpert(vds3acbhloc,svds3ac,dvds3,vlisn, L,21);
0286 pert3bc=calpert(vds3bcbloc,svds3bc,dvds3,vlisn, L,22);
0287 pert3cc=calpert(vds3ccbloc,svds3cc,dvds3,vlisn, L,23);
0288 pert3dc=calpert(vds3dcbloc,svds3dc,dvds3,vlisn, L,24);
0289

0290 pert3c=pert3ac+pert3bc+pert3cc+pert3dc;

0291

0292

0293 pert=pertlo+pertlc+pert2o+pert2c+pert3o+pert3c;

0294

0295 % Estimation of reconstruction normalized error

0296

0297 string=sprintf(Normalized estimation error : \%.1f

\%,%’',100 * (std(vlisn-pert.’)/std(vlisn))"2);

0298 disp(string);

0299

0300 end

0301

0302 % function callpert - Wiener filter calculation
0303

0304 function [partpert,vdsirf,tf]=calpert(vdsbloc,sv ds,dvds,vlisn,L,progres)
0305

0306

0307 % Leaveing if there no state

0308 if (svds<=0)

0309 partpert=0;

0310 vdsirf=0;

0311 tf=0;

0312 else

0313 %bloc length

0314 lengthvds=2"nextpow2(max([vdsbloc.duration])) *1;
0315

0316 % matrices of signals with zero-padding used for identi fication task
0317 vdsmatrixvswitch=zeros(lengthvds,svds);

0318 vdsmatrixvlisn=zeros(lengthvds,svds);

0319
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0320
0321

for ind=1:svds

vdsmatrixvswitch(1:vdsbloc(ind).duration,ind)=d

firstlastsample(1):vdsbloc(ind).firstlastsample(2)

0322

vdsmatrixvlisn(1:vdsbloc(ind).duration,ind)=vli

firstlastsample(1):vdsbloc(ind).firstlastsample(2)

0323
0324
0325
0326
0327
0328
0329
0330
0331
0332
0333
0334
0335
0336
0337
0338
0339
0340
0341
0342
0343
0344
0345
0346
0347
0348
0349
0350
0351
0352
0353
0354
0355
0356
0357
0358
0359
0360
0361
0362
0363
0364
0365
0366
0367
0368

end
end

% system estimation
% power spectral densities (auto and cross)
if svds==1
TFR=fft(vdsmatrixvswitch(:,1));
TFM=fft(vdsmatrixvlisn(:,1));
else
TFR=fft(vdsmatrixvswitch(:,2:svds-1));
TFEM=fft(vdsmatrixvlisn(:,2:svds-1));
end

TFRR=sum((TFR. *conj(TFR)).");
TFMR=sum((TFM. * conj(TFR)).");
% state transfert function
tI=TFMR./TFRR;
% state impulse response
vdsirf=real(ifft(tf));

clear crr cmr Mcrr Vemr

% multiplication signals for reconstruction

vdsmult=zeros(1,L);

for ind=1:svds
vdsmult(vdsbloc(ind).firstlastsample(1):vdsbloc

end

\% input signals for reconstruction
vdsinput=filter(vdsirf,1,dvds);
vdspert=vdsinput. *vdsmult(1:L);

partpert=vdspert;

end
tfall(1:length(tf),progres)=tf;
irall(1:length(vdsirf),progres)=vdsirf;
end

% signal filering

function cy=filtervs(vsf)
eY=fft(vsf);
fY=fix(eYY/10000) *10000;
cy=real(ifft(fY));

end
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vds(vdsbloc(ind).
)

sn(vdsbloc(ind).
)

(ind).firstlastsample(2))=1.0;
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