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Electrical Engineering
(ABSTRACT)

This dissertation is to focus on the development of modeling and simulation
methodology to predict conductive electromagnetic interference (EMI) for high power
converters. Conventionally, the EMI prediction relies on the Fast Fourier Transformation
(FFT) method with the time-domain simulation result that requires long hours of
simulation and a large amount of data. The proposed approach is to use the frequency-
domain analysis technique that computes the EMI spectrum directly by decomposing
noise sources and their propagation paths. This method not only largely reduces the
computational effort, but also provides the insightful information about the critical
components of the EMI generation and distribution. The study was first applied to a dc/dc
chopper circuit by deriving the high frequency equivalent circuit model for differential
mode (DM) and common mode (CM) EMIs. The noise source was modeled as the
trapezoidal current and voltage pulses. The noise cut-off frequency was identified as a
function of the rise time and fall time of the trapezoidal waves. The noise propagation
path was modeled as lumped parasitic inductors and capacitors, and additional noise cut-
off frequency was identified as the function of parasitic components. . Using the noise
source and path models, the proposed method effectively predicts the EMI performance,
and the results were verified with the hardware experiments. With the well-proven EMI

prediction methodology with a dc/dc chopper, the method was then extended to the



prediction of DM and CM EMIs of three-phase inverters under complex pulse width
modulation (PWM) patterns. The inverter noise source requires the double Fourier
integral technique because its switching cycle and the fundamental cycle are in two
different time scales. The noise path requires parasitic parameter extraction through finite
element analysis for complex-structured power bus bar and printed circuit layout. After
inverter noise source and path are identified, the effects of different modulation schemes
on EMI spectrum are evaluated through the proposed frequency-domain analysis
technique and verified by hardware experiment. The results, again, demonstrate that the
proposed frequency-domain analysis technique is valid and is considered a promising

approach to effectively predicting the EMI spectrum up to tens of MHz range.
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Chapter 1 Literature Research and Present Challenge

The dissertation starts with a brief background of EMI. It then provides the
motivation of the research work and a literature review of the existing work in related
areas. Finally, the objectives of the research work are outlined and a brief description of

the accomplishments in the subsequent chapters is presented.

1.1. Background and motivation of study

Electromagnetic interference (EMI) is undesirable electromagnetic noise from a
device or system that interferes with the normal operation of the other devices or systems.
Generally, EMI study is characterized into four different groups: conducted emissions,
radiated emissions, conducted susceptibility, and radiated susceptibility [1, 2]. The first
two groups target the undesirable emanations from a particular piece of equipment while
the second two deal with a piece of equipment’s ability to reject interference from
external sources of noise. In this dissertation, we are only concerned with the conducted
EMI emissions, which are defined as electromagnetic energy undesirable coupled out of

an emitter or into a receptor via any of its respective connecting wires or cables [3, 4].

The purpose of studying conducted EMI is to understand what the causes are and how
to prevent or suppress them. Ultimately the designed object should comply with its
electrical environment or meet electromagnetic compatibility (EMC) criteria. Power

inverters based motor drives have been traditionally used in industrial applications.



Recently they were found more and more applications in specialty purposes such as the
automotive electric power steering systems, electric calipers and integrated starter-
generators that tend to have more stringent EMC requirements [7-9]. Since the inverter
based motor drives are known to have the tendency of producing large EMI, and the
impact of inverter switching to the motor drive EMI is relatively unknown, it is necessary
to have a systematic study to better understand inverter EMI so that the inverter design

can comply with the environments that have more and more stringent EMC requirements.

In the conventional design methodology, EMC issues are addressed only after a
prototype is built. At that stage, the traditional EMC remedies are confined to adding
extra components, metal shields, and metal planes, etc. The worst situation is to redesign
the entire system because the added components may interfere with the original control
loop bandwidth. In this case, there will be a significant penalty both on the cost and on
the time-to-market of the products. To avoid such “band-aid” solutions at the post-

development, it is desirable to take EMI into account at the converter design stage.

With complexity of circuits and control methods, the EMI produced in a three-phase
inverter is even much more difficult to study than in a dc/dc converter. Much of past
research was focusing on the EMI impact to the motor, ac output cable and compatibility
issue [10 — 27], but not on the inverter itself, which is indeed the major source of EMI in
the entire motor drive system. Although EMI production mechanism has been regarded
as a “black” magic, especially for complicated circuits such as a three-phase inverter, it is

necessary to find ways of solving such a black magic so that the EMI prevention can be



taken care of at the early design stage but not afterward. How to model and predict EMI

is thus becoming the major subject in recent power electronics researches.

The conducted EMI noise in a PWM inverter can be viewed as consisting of two
major parts, differential mode (DM) noise and common mode (CM) noise [5, 6]. The
general distribution mechanism for CM noise and DM noise is illustrated in Fig. 1.1. The
DM noise propagates between power lines including line and neutral without going
through ground. While the CM noise propagates both power lines and ground, for
instance, it goes through not only between line and ground, but also between neutral and
ground. In order to model and predict EMI generated by a three-phase inverter, it is
necessary to analyze and model both CM noise and DM noise generation and propagation

mechanism.

Line

T
-
>
>

Power

Source Device under Test

Common Ground

Linen

Fig. 1.1 The general distribution mechanism of CM and DM noise



1.2 Literature review on conductive EMI modeling and prediction

The purpose of EMI modeling of power converter is to get a better understanding of
EMI generation mechanism, to predict the EMI level and to avoid or to alleviate EMI
problem at the design stage. The goal to be aimed at is to provide insightful analysis on
EMI generation and propagation mechanism, to predict with reasonable accuracy and to
cover a wide frequency range. The basic process of EMI modeling and prediction
requires two steps: (1) extracting parasitic parameters of PCB and circuit components to
build high frequency circuit model and (2) predicting EMI emission with mathematics
methods.

Parasitics exist in all kinds of element in power converters such as power device,
capacitors, magnetic component, PCB traces, wire cables, etc. Several research efforts
have been reported on methods of extracting parasitic parameters [28-35]. These methods
can be classified into two approaches, measurement-based method and mathematics-
based method. The mathematics method is to solve Maxwell field equation based on
physical structure, material property and the geometry information. Although many
different mathematics methods have been proposed, they can be divided into three
categories: finite element methods (FEM), finite different methods (FDM) and method of
moments (MoM). FEM and FDM techniques that solve the Maxwell’s differential field
equations require extensive computation and sometimes show poor convergence. The
simulation tools using these methods are Maxwell 2D, Maxwell 3D, etc. MoM solves the
Maxwell’s integral equation instead so that it can greatly reduce the computation cost
[31]. There are some simulation tools using MoM technique, such as Maxwell Q3D, etc.

Some literatures claim that Maxwell Q3D is based on partial element equivalent circuit



(PEEC) method. This is misconception because PEEC model is the result of MoM or
Maxwell Q3D, not the technique being used to solve Maxwell field equation. For the
measurement-based method, the commercially off-the-shelf impedance analyzer can be
used as a convenient tool for relatively large parasitics, but for small parasitics such as
nano-Henry (nH) or sub-nH inductances, the time domain reflectory (TDR) method was
proposed [32].

Once the parasitic parameters are extracted, the next step is to mathematically model
and predict EMI emission. Recently, more and more mathematical modeling and analysis
on electromagnetic interference (EMI) sources and propagation had shed a light on a
better understanding of the EMI production mechanism [36— 66]. These researches can
be divided into two classes, time domain approach and frequency domain approach, as
shown in Fig. 1.2. The former method is to have time-domain simulation followed by
“fast Fourier transform” (FFT) analysis. While the frequency domain approach is based
on noise source/propagation path concept, which can be further divided into two

categories, empirically measurement method and analytical method.

EMI modeling and prediction

Time domain simulation Frequency domain
followed by (FFT) analysis |

Empirical Analytical
measurement

Fig. 1.2 Present approaches of EMI modeling and prediction



1.2.1 Time Domain Approach

The time domain method was performed by circuit simulator such as PSPICE, Saber.
It was proven to be effective for differential mode (DM) EMI, which dominates the low-
frequency region including the pulse-width-modulation (PWM) frequency and the
resonant frequencies caused by the parasitic elements coupling with device switching
dynamics in the EMI excitation [45]. However, this method is time consuming and
requires a large amount of data storage because the simulation step needs to be very fine,
typically in nano seconds. Table 1.1 shows the time constant of different periods. It is
tedious for circuit simulation to finish several fundamental cycles with simulation step of
nano seconds because the fundamental cycle is several orders of magnitude larger than

the switching transition.

Table 1.1 Time constants of different periods for a motor drive

On/off Transition ns
Switching period us
Fundamental period ms

For dc/dc converters, the simulation using the classical approach is possible because
the simulation time is in the order of switching period, which is relatively manageable.
For motor drive inverters, it is very difficult to reach the steady-state operating condition.
The nonlinear characteristic of the semiconductor and many stray parameters make the
model very complicated and sometimes lead to convergence problems in simulation. To
include all the parasitic components for common mode (CM) EMI study, the time-

domain simulation can be even more troublesome, and the FFT results are difficult to



match the experimental results [45 - 47]. Furthermore, the time domain method cannot
provide the deep sight into converter EMI behavior and it lacks the appreciation of the

EMI mechanism, such as how the noise is excited and how it is propagated.

1.2.2 Frequency Domain Approach

The frequency domain method is based on noise source/propagation path concept. In
conducted EMI measurement, a standard network, known as Line Impedance
Stabilization Network (LISN), is used to provide standard load impedance to the noise
source. The voltage across this load is measured as conducted noise emission of the
device under test. Seen from the LISN, the whole system could be simplified as
equivalent noise source, noise path and noise receiver. Here the LISN serves as the noise

receiver. This basic concept is shown in Fig. 1.3.
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Fig. 1.3 Noise source and propagation concept

Noise source is time variant. Noise path is also time-variant and non-linear due to the

switching operation. The noise measured at LISN is determined by the excitation of the



noise source and the response of the noise transmission network. If in frequency domain,
the noise source is expressed by its transfer function as N(s), and the noise transmission
network is expressed by its transfer function as Z(s), then the noise measured at LISN,
F(s), can be expressed in frequency domain as the function of N(s) and Z(s).

If the source is voltage source, then

F(s)z% (1-1)

If the source is current source then
F(s)=N(s)Z(s) (1-2)

If the magnitude of each item in the above formula is represented in dB, then we have

following equation:
20 log| F (s)| = 20 log|N ()| + 20 logZ (s)|
(1-3)
or

201og|F (s)| = 201og|N (s)|— 201og|Z(s)| (1-4)

Hence, the problem of EMI prediction becomes the problem of EMI noise source
determination and EMI noise propagation path determination. There are also two
methods to determine the noise source and noise propagation path. One is through

empirical measurement and the other is through analytical method.

The empirical methods either measure the noise source through probe and noise path
through network analyze directly, or calculate the Thévnin equivalent circuit for the noise

source and noise path based on measurement results [55-57]. This method is good for



EMI characterization, but not appropriate for EMI prediction. First, because the
measurement can only be done after the circuit prototype is built, it lacks of the essence
of prediction which can be done without prototype. Second, this method belongs to
“black box” in nature because the noise source and noise propagation path determined in
this method have no physical meaning. Neither the relationship between parasitics of
components and noise propagation path is indicated nor is the relationship between
switching pattern and noise source established. This method cannot indicate the
relationship between the performance and the components in the converter. Furthermore
this way cannot give the converter designer a concrete concept on how to change some
key components parameter to comply with the EMC standards. In addition, from
measurement point of view, these methods are only suitable for circuit with a noise
source that is conveniently measured, not for multiple noise source circuit like a three-
phase inverter. This is due to the fact that it is extremely difficult to measure several
noise sources simultaneously and there are also interaction between these sources. In

short, these methods provide little insight how EMI generate and propagate.

It is also crucial that the noise source and noise propagation path have a predefined
physical meaning, hence they can be modified according to EMI requirement at design
stage. The analytical method which was derived from circuit operation analysis fits the

above criteria and is of interest in the EMI prediction of power electronics circuit.

The analytical frequency-domain method was proposed in [53, 54] based on the
description of the system topology using transfer function and a direct frequency

representation of the noise sources. The “frequency-domain” analysis using transfer



functions of noise path and direct frequency identification of the noise sources can be

used to avoid computational convergence problem in time domain simulation.

The present status of analytical frequency domain EMI modeling and prediction can
be divided into three categories from converter topology perspective: boost derived
power factor correction (PFC) converter, buck (chopper) converter, and three-phase

inverter.

In boost derived PFC converter, Crebier proposed in [60, 61] a voltage perturbation
source as EMI source for both common mode noise and differential mode noise.
However, the model derived is suitable for current-fed converters as boost converters and
its associated PFC circuit while not for voltage-fed converter. For our purpose, this scope
of the research will concentrate on voltage source converter such as buck or chopper

circuit and three-phase inverter.

For modeling of buck converter, Nave proposed a current source to be used as the
differential mode noise source and the voltage source for common mode noise source [53
— 54]. This method is appropriate for PWM switching frequency harmonics analysis, but
far from accuracy at the high frequency range due to simplification of the model. No
parasitics effect was considered in his paper and the interaction between CM and DM
noises was neglected. Roudet considered the effect of parasitic component in [19] and
showed the interaction between CM and DM noises. This model is not so accurate
because only a current source is regarded as DM noise source; the parasitic capacitance

of the device is not considered in DM noise model. The other disadvantage is that it lacks

10



of a complete model to replace the nonlinear device so that the model is hardly adopted in

multiple device converter circuit such as three phase inverters.

Few literatures can be found aiming at dealing with the EMI modeling of three phase
inverter. Chen proposed a simple model to identify major EMI source. In [65], the DM
noise source is the dc link current and the DM noise path is the dc link capacitor. There
are several reasons that prevent this method providing reasonable results beyond a few
MHz. Neither CM noise source model nor DM noise source model is analytically
derived based on modulation scheme, therefore the source model is not accurate enough.
In addition, the noise path mode is far from completed because the device parasitics and

the power bus parasitics are not included.

Ran published two papers dealing with conducted electromagnetic emissions in
induction motor drive system. Apart from the time domain analysis in one paper, the
other paper [66] mainly focused on frequency domain model. In this paper, the
modulation operation of inverter was given consideration. However, the CM source only
considered the CM current going through the motor side, not that going through the
inverter side that are parasitic capacitance between the device and the heat sink. The DM
noise source is modeled as a voltage source, which is conflicted with the DM noise
generation mechanism, where the DM noise is supposed to be current-driven. Moreover,
the noise path model is far from completed because the device parasitics and the power
bus parasitics are not included. Finally, the interaction between the CM and DM noise

sources was totally neglected as well.
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In short, the status of EMI modeling is summarized in the following:

1. Present methods provide little insight into the EMI generation and propagation
in the medium and high frequency ranges.

2. For three phase inverter circuit, the complexity of PWM pattern has not been
taken into account during EMI modeling. Neither analytical CM source model
nor analytical DM source model has been presented with regard to switching
patterns. The lack of knowledge in PWM impact to EMI producing mechanism
could result in either over-design or under-design for the EMI filter.

3. The relationship between parasitic value in noise propagation path and the
peaks in EMI spectrum needs to be established. The dominant parasitics in

circuit components need to be identified.

From the above review, it can be seen that the first essential part of EMI prediction is
to get a high frequency equivalent circuit that can agree with the EMI propagation
mechanism. The next stage is to get more accurate representation of noise source and

noise propagation path in frequency domain.

1.3 Outline of the Dissertation

The main emphasis of this dissertation is on the development of the methodology for
modeling and predicting conductive EMI for a three-phase inverter in frequency domain.
Since each phase in a three-phase inverter operates either as a buck converter or as a
chopper, it is necessary to start from the single chopper circuit analysis to ensure the

validity of the methodology.
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In chapter 2 DM EMI mechanism for a single phase chopper is studied first. The limit
of the conventional frequency domain model is presented. The conventional model fails
to predict DM EMI up to high frequency range due to the absence of parasitic
components. A new high frequency equivalent model including dc bus parasitic and
device lead inductance and output capacitance is proposed. The parasitics inductance is
obtained through Maxwell Q3D software. To verify the proposed DM model, time
domain simulation and experiment were performed. Adding high frequency across dc bus
will change the DM noise propagation path significantly. The proposed frequency
domain method successfully predicts its impact and the result matches with the hardware
experiment. After finishing the study on DM EMI, CM EMI mechanism for single phase
chopper is investigated. The conventional model only considers the trapezoidal waveform
as the CM noise source and neglects the voltage ringing as additional important noise
source in the high frequency range. This causes the inaccuracy of the prediction in high
frequencies. The proposed CM high frequency equivalent model includes this voltage
ringing as the result of either a current source excitation or voltage source excitation. The
closed-forms of this noise source expression in frequency domain are presented. The

experimental CM EMI spectrum agrees well with the predicted result.

Second, a frequency domain approach to prediction of DM conducted EMI from
three-phase inverter has been presented in chapter 3. This approach relies on
identification of noise source based on inverter operation and extraction of parasitic
parameters of the inverter components to predict the EMI currents produced in an

inverter circuit. The analytical expression of DM noise source model was derived based
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on double Fourier technique. Methodologies for extraction of parasitic parameters of the
inverter circuit are developed using finite element analysis. With accurate noise source
and path models, the proposed “frequency-domain analysis” method avoids the
computational problems in the conventional “time-domain analysis” and effectively
predicts the DM EMI performance in high frequencies for an SVM based inverter. After
the frequency domain analysis of DM EMI for three phase inverter is verified, it is
feasible to evaluate the effect of different modulation schemes on DM EMI spectrum
through frequency domain method analytically. Different modulation scheme leads to
different noise sources and the noise sources under different modulation scheme are
derived analytically in close form respectively. The calculated results are verified through
experiment test. Compared with continuous PWM scheme, the discontinuous PWM
scheme has a significant portion running with zero duty, and thus the overall produced

noise source is lower in frequency domain, including in high frequency regions.

Chapter 4 proposes the frequency domain approach to prediction of CM conducted
EMI from three-phase inverter. The conventional method usually derives the CM noise
source and CM noise path from the AC load side, while this proposed approach focuses
on the inverter side to identify the CM noise source and parasitic parameters of the
inverter components in order to predict the CM EMI currents. A simplified CM circuit
model of CM EMI in switching frequency and its harmonics range is proposed first and
the noise source models under different modulation schemes are analytically derived
through double Fourier technique. The impact of modulation index on CM EMI spectrum

with different modulation schemes also evaluated analytically through frequency domain
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methods. The impact mainly occurs in the switching frequency and its harmonics range.
To predict the CM EMI up to tens of Mega Hz range, additional CM noise source caused
by voltage ringing is identified. A CM high frequency equivalent circuit model is derived
with extracted parasitic parameters of the inverter circuit to predict the noise peak caused
by the resonance of parasitic components. Compared with experimental results, the
proposed “frequency-domain analysis” method effectively predicts the CM EMI
performance not only in switching frequency and its harmonics range but also in high
frequency range. The EMI performance, however, is highly affected by the modulation
scheme both in the switching frequency related harmonic frequencies and in the noise
path related resonant frequencies. In high frequency range, discontinuous PWM gives

lowest noise envelop due to less switching action.

Finally, Chapter 5 summarizes the entire dissertation and proposes some ideas for

future work.
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Chapter 2 Frequency Domain EMI Modeling and Preditction —
Single phase chopper

To avoid time-consuming computing process, the frequency-domain simulation
approach was suggested in [53]. The frequency-domain approach requires knowledge on
noise source and propagation path but significantly reduces computational effort, and
thus is recommended as the preferred approach for EMI modeling and simulation. The
basic idea is to model the switching noise source as a trapezoidal wave, which has a
known frequency-domain characteristic, and then apply this source to the parasitic
network with frequency-domain analysis. To make this approach effective, however, it is
necessary to model the differential mode (DM) and common mode (CM) parasitic

network separately and compute them independently.

Single phase chopper, a partial inverter phase leg, is used in this chapter as an
example to show how to apply frequency-domain approach. Since it is the basic circuit
for three phase inverter, it is necessary to study single phase chopper first before the
investigation of three phase inverter. Although the circuit is simple, the result can be
extended to more complex circuits and phenomena that will be discussed in the sequent

chapters.

DM noise current, unlike CM noise current, propagates between power lines without

going into ground. However, it has impact on CM noise propagation in high frequency

range as investigated in the sequent chapters. Hence, the first step of EMI modeling is to
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derive an accurate DM EMI model for single phase chopper. In this chapter, we start with
the conventional model for DM EMI modeling and prediction of single phase chopper.
The limit of this conventional method, which lacks the accuracy for noise source and
noise path determination, is identified. A high frequency equivalent circuit for DM EMI
prediction and modeling is proposed, which focuses on more accurate noise source and
parasitic path identification. The active device in the circuit is regarded as noise source
which is replaced with a current source in parallel with device output capacitance. The
parasitic components are identified using parasitics extraction tool — Maxwell Q3D™.
The noise source and noise propagation path are represented in frequency domain by
close form. It can be seen that the resonant point in the noise propagation path
determines the noise peak occurring in the DM noise spectrum. This indicates that the
EMI spectrum at high frequency range is mainly determined by the resonance of parasitic

components.

CM noise, which is conducted through parasitic capacitance between component and
ground plane, is another important aspect of EMI study. Under most cases, the CM noise
could be more severe than DM noise. Morecover, CM model noise and differential noise
are even related. The limit of the conventional method, which lacks the accuracy for CM
noise source and noise path determination, is identified. We propose a high frequency
equivalent circuit for CM EMI prediction and modeling, which focuses on more accurate
noise source and parasitic path identification. The CM noise source and noise
propagation path are represented in frequency domain by close form. It can be seen that

the resonant point in the CM noise propagation path determines the noise peak occurring
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in the CM noise spectrum. This indicates that the CM EMI spectrum at high frequency

range is mainly determined by the resonance of parasitic components.

To verify the proposed frequency domain method, Time domain simulations followed
by FFT analysis and hardware experiments were performed. The results of these

methods are successfully matched for the studied circuit.

Further verification are then directed to the EMI improvement with manipulation of
the dc bus capacitor, which is a high frequency polypropylene capacitor and serves as the
snubber to suppress the device turn-off voltage spike. This capacitor changes the EMI
spectrum envelope drastically due to the resonance between this dc snubber capacitor and
the parasitic inductance of the PCB track. The CM EMI and DM EMI with the snubber
capacitor are studied with the proposed frequency domain methods. The results indicate
that the frequency domain analysis with accurate noise source and parasitic modeling is
an effective tool for EMI prediction. With its simplicity and numerical stability, this
method is thus recommended for the study of a much more complicated converter

system.

2.1 Differential mode modeling and prediction

Topologically, the three-phase PWM inverter can be configured with a total of eight
different sub-circuits [75]. In order to verify the proposed approach, it is necessary to

simplify the analysis, and thus only a part of the inverter phase-leg with lower switch and
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upper diode as the active component is considered in the following discussions. This

circuit can also be regarded as voltage-fed single phase chopper circuit.

2.1.1 Conventional method of DM EMI prediction

Initially, the conventional method of DM EMI prediction for voltage-fed circuit
should be reviewed. Fig. 2.1 shows the simple chopper circuit that consists an active
device, and a freewheeling diode, and an electrolytic capacitor with an equivalent series
resistor (ESR), Ry and inductor (ESL), Lg.. The LISN is inserted between the dc source
and the electrolytic capacitor to prevent the noise current from flowing to the source and

to collect the noise voltage.
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Fig. 2.1 Single phase Chopper Circuit
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M. Nave proposed that the DM noise source can be determined as a current source
which is seen by dc link and the noise path can be determined as the parasitics of the
decoupling capacitors across the dc bus. Fig. 2.2 shows the equivalent circuit based on

the conventional model and its noise source representation.
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Fig. 2.2 Conventional DM EMI Model and noise source representation.

The switching noise source can be considered as a trapezoidal pulse train. Although
the actual waveform will have different current rise and fall times ( ¢ and ¢), to simplify
analysis, it is reasonable to assume that . = #. The frequency domain representation of

the DM noise current can then be expressed in (2-1).

. nm na(T+t ¢)
_ ;/ . s
sinl
sin(nsd) ( T)g A (2-1)
nd nm‘]/
T

In the above expressions, d is the duty cycle, T is the inverter switching period, / is the

1, =2Id

current amplitude, 7is the on time of the switch and # is the harmonic order.
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Fig. 2.3 Spectral representation of noise source with different fall times

Fig. 2.3 shows the spectral representation of a current source with 30 and 70 ns fall
time, respectively. The noise source plot shows an initial —20 dB/dec drop, and an
additional —20 dB/dec drop in the high frequency region, which is attributed to the
switching period and fall time. A slower switching speed means larger #; which
subsequently yields a lower cut-off frequency or less noise in high frequency range.
Different fall times can be obtained by varying the gate resistance. A larger gate

resistance would result in a lower noise source spectral envelope.

Fig. 2.4 shows the noise propagation path of conventional method which is the
parasitic inductance and resistance of the decoupling capacitor. Neither inter-connect
parasitics nor device parasitics are included in the noise propagation path. Fig. 2.5 shows
derived propagation path transfer function plotted by the Mathcad. The flat part up to 1
MHz is dominated by parasitic resistance and beyond that the parasitic inductance

becomes dominant.
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Fig. 2.5 Plot of noise propagation path transfer function

The DM noise voltage observed at LISN can be calculated by (2-2)

Ve ) =101 Z(f) (2-2)

Fig. 2.6 shows the calculated result of DM noise spectrum with different switching

speed. Compared to the experimental result shown in Fig. 2.7, the calculated result

matches with the experimental result from low frequency range (hundreds of kHz) up to

10 MHz, but fails to predict the noise peak beyond 10 MHz.
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Fig. 2.6 Calculated result of DM noise spectrum based on the conventional method (a)

t=30 ns (b) t=70 ns

23



90

80 P

S 0
@ sl | "’""m:m{,,mv.“ 1
2 g Wk /
g N
T 4
B
= ¥ —Rg=10
o
£ 2 —— Rg=100
< 4
0 T T
100000 1000000 10000000 100000000
f(Hz)

Fig. 2.7 Experimental result of DM EMI spectrum

The discrepancy between the calculated result and experimental result presents that the
conventional method is not complete for high frequency EMI prediction. Interconnect
parasitics and device parasitics should be included and the cause of the dominant noise

high frequency peak should be identified.

2.1.2 The proposed DM model

Since the parasitic inductance plays an important role on the EMI performance, all the
parasitic inductance values have to be known in order to predict EMI performance
accurately. Fig. 2.8 shows the single phase chopper circuit with parasitic inductance.
Here, the parasitic inductance includes the PCB track inductances (Lgc+, Limig and Lgc.), top
device lead inductance L; and output capacitance C;, bottom device lead inductance Ly
and output capacitance C, and ESL of electrolytic capacitor. These parasitic inductance
can be obtained through parasitics extraction tools or measurement with impedance

analyzer.
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Fig. 2.8 Chopper Circuit with parasitic inductance

The concept of frequency domain EMI prediction is to get the frequency domain
representation of the noise source and noise path respectively, then multiply them
together, therefore the frequency domain equivalent circuit with parasitics must be
derived first. In convention model, only the PWM switching current can be seen by the
decoupling capacitor. In fact the decoupling capacitor absorbs not only the PWM
switching current, but also the parasitic ringing current caused by the oscillation between
the parasitic inductance and device output capacitance. Fig. 2.9 shows the waveform of
the dc link current which is the sum of PWM switching current and parasitic ringing

current. This explains why the conventional model can predict the DM EMI successfully

in low frequency range but fail in high frequency range.
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Parasitic Ringing

Fig. 2.9 DC link current waveform

A new high frequency equivalent circuit of the chopper circuit is necessary for DM
EMI modeling at high frequency range. Such an equivalent circuit has to be derived
based on the circuit operation analysis. It can be seen from Fig. 2.9 that the parasitic
ringings occur during switching transient. For the chopper circuit, there are two switching
transient, one is bottom active switch turn-off, the other is bottom active switch turn-on,
which is equivalent to top switch turn-off. Two high frequency equivalent circuits can be

derived for these two switching transients respectively. Fig. 2.10 shows these circuits.

(a) (b)
Fig. 2.10 High frequency equivalent circuits during switching transient (a) during bottom

device turn off (b) during top device turn off
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It is indicated from the above circuits that the parasitic ringing is caused by the
resonation between loop parasitic inductance and device output capacitance. For instance,
during bottom device turn off, the output capacitance of the bottom device resonates with
loop parasitic inductance; while during top turn device turn-off, which is the same of
bottom device turn-on, the output capacitance of the top device resonates with the loop
inductance. If the top device parasitic capacitance is the same as the bottom device output
capacitance, which is the case for two devices in a phase leg of inverter, these two

equivalent circuits can be synthesized to a unified circuit.

Fig. 2.11 illustrates the proposed DM mode for EMI prediction that is generalized
from the two equivalent circuits shown in Fig. 2.10. C,, represents the device output
capacitance. The proposed DM model should be the model in which the real dc link can
be represented. In this model, the current source representation is still the same of that in
conventional model, however, the parasitic ringing current has been taken into account by
adding all the interconnect parasitics and device parasitics. Not only the PWM switching

current can be seen by the decoupling capacitor, but the parasitic ringing current as well.
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Fig. 2.11 Proposed DM noise model and noise current source representation
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From another perspective, the nonlinear switch should be replaced by a voltage or
current source to predict the EMI spectrum in frequency domain. The switch is
commonly represented as a current source for DM mode modeling. Hence this proposed
model can be viewed that the active switch is replaced with a current source in parallel

with device capacitance while the free-wheeling diode is shorted.

It is noted that the diode reverse recovery is approximated as parasitic ringing in this
frequency domain approach during diode turn-off. This is not the same as the switching
characteristic of diode reverse recovery. However, the approximation leads to the
convenience for the modeling process without too much sacrifice at result accuracy. The
typical waveform of diode reverse recovery is shown in Fig. 2.12. The first peak of
device current is caused by the recovered charge Q,. while the rest of the peaks are
caused by parasitic ringing of the circuit. The modeling method assumes the first peak is
also determined by parasitic ringing instead of reverse recovery charge, which could
result in the slight difference in the amplitude of the first peak. Since this only happens
about one period of parasitic resonance and the EMI result is shown in log scale, the

assumption will not have significant effect on the predicted result.
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Fig. 2.12 Typical waveforms of diode reverse recovery

2.1.3 DM Noise Path Impedance Modeling and Parasitics
Characterization

The noise propagation path impedance transfer function can be obtained by solving the

equivalent circuit shown in Fig. 2.11 and can be expressed in (2-3).

Ry +sLy. +
Z(s) = Vnoise(s) —_ 1 . i ‘ SCdC 100 (2-3)
1(s) 15 (22 100+ (Ry, +5Lyp +——)
Qay @ $Cac

The frequency of resonant peak is given in
1

@y = ——— (2-4)

Lloopcoss

The damping factor is given by

=

_ 1 [Lioop (2-5)
Q - COSS
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The loop inductance and loop resistance are given by
R=Ry. + Rdcplus + Rieminus + Rmiddie + Ron (2_6)

Lloop =Lgey + Lge— + Lypjg + Ly + Ly + Lge =2L15 —=2Lp3 + 2143 (2-7)

For the mutual inductances, L;> is between dc+ and dc— traces, L»; is between dc—
and middle traces, and L;; is between dc+ and middle traces. It can be seen from (2-3)
that the frequency of resonant point in the noise prorogation path is determined by the
loop parasitic inductance and the device output capacitance. The damping factor is
determined by loop inductance, loop AC resistance and device output capacitance. Larger

AC resistance in the circuit can be helpful to reduce the resonant peak.

The parasitic inductance of the PCB track is obtained through Maxwell Q3D
extractor. Fig. 2.13 shows the PCB layout for noise path identification. To get the
appropriate inductance value, it is important to determine the current source and current
sink when setting up the source condition for Maxwell Q3D extractor. In the chopper
circuit, the high frequency current distribution determines the EMI propagation path, not
the DC current distribution. Hence, the connection points of the output filter don’t have
an effect on the EMI path. For example, if the connecting point of the filter inductor
changes from A to G or from B to H, the EMI path doesn’t change because the high
frequency current flows from C - A - B —» D — E — F. Therefore, the source setup
in Maxwell Q3D extractor is that C is source 1, A is sink 1, B is source 2 , D is sink 2, E
is source 3 and F is sink 3. Table 2.1 lists the extracted inductance and resistance under

dc and 100 MHz ac conditions. It can be seen that the parasitic inductance changes very
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slightly from dc to 100 MHz, therefore, the dc inductance can be used for the high

frequency model.
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Fig. 2.13 Noise current path identification.

Table 2.1 Extracted dc and 100 MHz ac inductance and resistance

Inductance (H) Dc ac at 100 MHz

dc-plus ground m-trace dc-plus ground m-trace
dc-plus 1.09E-08 3.98E-09  0.63E-09 1.15E-08 4.25E-09 0.79E-09
ground 3.98E-09 4.58E-08  1.96E-09 4.25E-09 4.58E-08 1.23E-09
m-trace 0.63E-09 1.96E-09  2.04E-09 0.79E-09 1.23E-09 1.99E-09
Resistance () Dc ac at 100 MHz

dc-plus ground m-trace dc-plus ground m-trace
dc-plus 0.0083622 0 0 0.0057891 -0.00119958 0.000155485
ground 0 0.049333 0 -0.00119958  0.0329965 0.000556008
m-trace 0 0 0.007898 0.000155485 0.000556008 0.00357013

The dc bus capacitor was measured with L;.= 2 nH, R;.= 30 mQ, C;=1 mF. The
device output capacitance is Cz= 0.9 nF. The lead inductance of deice and diode can be
obtained using MaxwellQ3D as well, L,=L~=4 nH. Since all the parasitic components are
known, we can calculate the loop inductance using (2-7), which is about 58 nH. The

derived propagation path transfer function is plotted by the Mathcad, as shown in Fig.
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2.14. Tt can be seen that there is resonant point occurring at 22 MHz, which is determined

by the loop inductance and the parasitic output capacitance of the device.
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Fig. 2.14 Propagation path transfer function

2.1.4 Gate resistance effect on current rising time,

The current rising time and falling time can be calculated according to the gate drive
circuit and operating condition. An equivalent circuit including parasitic inductance and
the parasitic capacitance was presented in [67] to calculate the current rising speed of

voltage-driven device during turn-on. Fig. 2.15 shows the equivalent circuit.
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Fig. 2.15 Gate resistance effect during device switching

The current rising speed can be calculated by

di Ve =V, Ve —Vin
-V ~&m £ £ ~Em £ (2-8)
dton Cisngon + gmLs Cisngon + gmLs

It shows that the current rising speed is determined by gate-source voltage, threshold
voltage, device input capacitance, transconductance, lead inductance and gate resistance.
If all the values are fixed except the gate resistance, the current rising speed will be
determined by gate resistance. The smaller the gate resistance is, the faster the current
rising speed. The current rising time is determined by load current and the current rising

speed as given in (2-9).

fr=di (2-9)
Eon
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2.1.5 Experimental verification of DM modeling

To verify the proposed modeling method, the hardware test and time domain
simulation are performed. The chopper specifications are:

Input voltage: 42V

Output voltage: 14V

Output power: 100W

Switching frequency: 20kHz

Major devices and components are (1) MOSFET: HUFA76645P3, (2) Freewheeling
diode: 12CTQO045, (3) Input capacitor C4c: 1000uF, (4) output capacitor: 470uF, and (5)
output inductor: 420 uH.

Fig. 2.16 shows the experimental switching waveform with the different gate
resistance and it indicates the turn-off ringing is about 24 MHz that is caused by the
oscillation between the loop inductance and parasitic capacitance of the MOSFET. The
switching speed reduces as the increase of the gate resistance, for instance, current fall

time increase from 30ns with 10Q2 gate resistance to 70ns with 100Q2 gate resistance.

R T T - - - - =

Rg=100 (5A/div)

| 1 V(20Vidiv)
/\ V(20V/div) -—// \-/%\/V\NV: i ,

AW AY Y " ™

(40ns/div) - Rg=100Q

(80nsi/div)

Fig. 2.16 Switching waveform with different gate resistance
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The DM noise spectrum can then be calculated by multiplying (2-1) and (2-3), and

Fig. 2.17 shows the calculated result of DM noise spectrum with different switching

speed. The above frequency domain EMI prediction results can be verified with the

experimental result and the conventional time domain simulation result.
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Fig. 2.17 Calculated DM noise spectrum (a) #,=30ns (b) #,=70ns

The DM noise spectrum from time domain simulation followed by FFT analysis and

the experimental results are given in Fig. 2.18.

Both results well match with the

frequency-domain prediction. They also indicate that with the larger gate resistance the

peak of the noise spectrum will be smaller.
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il il ‘\I' W\m 'H i |
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Fig. 2.18 Simulated and experimental spectrum (a) spectrum from time domain

simulation followed by FFT of Saber (b) Experimental result

2.2 DM Case Study-Adding high frequency capacitor snubber

To further study the DM frequency domain modeling and prediction of the chopper
circuit, another case was considered. It is a common practice to put high frequency
capacitor across the dc bus as snubber to suppress the voltage spike across the device
during MOSFET turn-off. In addition, the capacitor is required to put as near the
switching device as possible as shown in Fig. 2.19. However, the addition of such
snubber will have an effect on the DM noise spectrum because it changes the noise
propagation path, which can be demonstrated by the frequency domain modeling and

prediction method.
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Fig. 2.19 Chopper circuit with the added high frequency capacitor

The frequency domain equivalent circuit of chopper is shown in Fig. 2.20 with the
addition of the high frequency capacitor. Although the noise source is still a current
source with the same expression as (2-1), the noise path changes significantly by adding
the capacitor. Therefore the noise spectrum will change because of the resonance

between the dc bus parasitic inductances and added capacitor.
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Fig. 2.20 Frequency domain circuit with high frequency capacitor
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By solving the two current loop equations, the relation between / and /; can obtained

as
; 1+ 2y
Fi(s)= 8) . Q0. o, (2-9)
I(S) 1+ L + (i)z
Oa)O a)O
The relation between Vi and I; can be derived as
y R, +sL, + c
Z2 (S) — noise (S) - _ S de 1 100 (2—10)
L) 1004 (R, +5L, +— )
SCd(:
Therefore, the noise propagation path transfer function is
K ) 1
v 1+ +(—) R, +sL, +——
Z(S)= n;ise(s)=Fvl(S)Z2(S)E_ sta)z (Zz . S dcl 100 (2-11)
(5) T+ () 100+ (R, +5L, +—)
0@ Wy Coc
where: o = ! 1 ) Lo ,

Oy =(
‘,LOCh 0 R+Rh Ch
., = ! aQZ=L LZ ’
JL.C, Ry \ Gy

+R

R= Rdc + Rdcplus deminus °

L,=L +L +L,+L,-2L,,

deplus de minus

LZ =Lh —2L13 +2L23.

(2-11) indicates that there is a pair of resonant poles caused by the high frequency
capacitor and the parasitic inductance of dc-plus track and dc-minus track in the noise
propagation path. The quality factor Oy is mainly determined by the capacitor value
provided that the ESR and ESL value vary slightly. There is also a pair of high frequency
zeros mainly caused by the self-resonation of the high frequency capacitor. To further

explain this, three high frequency capacitors with different values are selected and the
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impedances of these capacitors are plotted in Fig. 2.21. Their capacitance value and

measured ESR and ESL are shown in Table 2.2.

Table 2.2 Measured high frequency capacitor values

Ch 333.7nF 64nF 10nF
Lh 8.24nH 9.65nH 15nH
Ry 17.47mQ 21mQ 43mO

)

S C2

B / 3

% C1 /,\-.

S

<

0.01 0.1 1 10 100
f(MHz)

Fig. 2.21 High frequency capacitor amplitude plot

Fig. 2.22 compares the frequency-domain prediction and experimental results. Fig.
2.19(a) gives the plot of noise propagation path with different capacitors. It can be seen
that the resonant pole moves to a higher frequency as the capacitance decreases, and the
resonant peaks also increase. The DM noise spectrum can be calculated by multiplying
(2-1) and (2-6). Fig. 19(b) shows the calculated result of DM noise spectrum with
different capacitor. The results illustrate that the resonant points of the noise propagation
path determine the location of the peak of the EMI spectrum. Fig. 19(c) shows the
experimental spectrum with different capacitors. The first resonant peak points well

match with the frequency-domain prediction.
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Fig. 2.22 Comparison of simulation and experimental results: (a) propagation path
impedance; (b) calculated frequency spectrum with different capacitors; and (c)

experimental results
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2.3 Common mode modeling and prediction

CM mode noise is mainly conducted through parasitic capacitance between
component and ground plane. It is excited by the common mode voltage, which is source
voltage of the top device or drain voltage of the bottom device in a phase leg. The single
phase chopper is still used as an example to illustrate how to apply frequency domain
approach to modeling and simulate common mode noise.

Fig. 2.23 shows the chopper circuit configuration with three parasitic capacitors
Crignds Cragna, and Cygng, circled to represent the major CM noise path. The voltage
amplitude variation on these capacitances is larger than those on other capacitance such
as, dc bus to ground plane capacitance. The sum of these three parasitic capacitances is
defined as Cp, which is the dominant element in the noise propagation path. Note that the
output capacitor Cy can be regarded as short circuit at high frequency. The common mode

voltage is the drain voltage of the bottom device Sy,
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Fig. 2.23. Common mode circuit configuration for a part of the inverter.
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2.3.1 Conventional method of CM EMI prediction for single phase

chopper

Fig 2.24 shows the conventional common mode proposed by Nave. In this
conventional model CM noise flows through both positive and negative buses
symmetrically, switching dv/dt is the major source of CM noise, and parasitic capacitance

Cp is the major propagation path, both treated as constant.

‘ r—’ \Y%
Icml

500 3 Rig . Vi f—— / \
L

500 = dccs Y :[ Cp 0 T
C. L = — ) f— —| |—

[, T
L ] Loy

Fig. 2.24 Conventional Common mode model

The switching noise source can be considered as a trapezoidal pulse train. To simplify
analysis, it is assumed that ¢ = ¢z The frequency domain representation of the CM voltage

source can then be expressed in (2-12).

sin(nz(1—d)) sin -%) [J%
nr(l-d) nm‘f/
T

In the above expressions, d is the duty cycle of the bottom device, 7T is the inverter

V,=2V;.(1-d) (2-12)

switching period, Vg is the dc bus voltage,r is the off time of the switch and #» is the

harmonic order.
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Fig. 2.25 Envelop of the amplitude of spectrum of CM voltage source

Fig. 2.25 shows envelop of the amplitude spectrum of CM source voltage. It can be
seen that envelop of the spectra follows three asymptotes and two corner frequency. The
first asymptote has a slope of 0 dB/decade and the second asymptote has a slope of -20
dB/decade. The first corner frequency is at 1/nt. The third asymptote has a slope of -40
dB/decade in the high frequency region and the second corner frequency is at 1/mts.,
which is attributed to the switching period and fall time. A slower switching speed means
larger #;, which subsequently yields a lower cut-off frequency or less noise in high

frequency range.

The transfer function of noise propagation path of conventional model is given in (2-
13) and its plot is shown in Fig. 2.26.

25

Vn 25+L

sCp

Z(s) = Vioise(s) _

(2-13)
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Fig. 2.26 Plot of noise propagation path transfer function

Multiplying (2-12) and (2-13), the CM noise voltage observed at LISN can be
calculated by (2-14)

Vemnoise (/) =V (f)-Z(f) (2-14)

Fig. 2.27 shows that the prediction result based on the conventional mode. It can be

seen that the CM spectra envelop is a flat pedestal up to MHz range. This is due to that

the -20dB/decade slope of noise source is offset by the 20 dB/decade slope of noise path.

In addition, the CM EMI spectrums are almost the same up to about 10 MHz under

different switching speed.
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Fig. 2.27 Predicted result based on conventional model

2.3.2 Proposed CM Noise Source Modeling

The limitation of the conventional model is that the voltage source description is so
simple that it doesn’t include voltage overshoot and undershoot. Both of them are the CM
noise source at high frequency and related to circuit parasitics because it is determined
the resonance between the loop inductance and device parasitic capacitance. Fig. 2.28
shows decomposition waveform of the switching voltage. The switching voltage can be
divided into two parts, one part is the same of the conventional model that is trapezoidal
from, the other part is parasitic ringing determined by the resonation between the

parasitic inductance and device output capacitance.

45



A t.
Vost &

I \ Vds cu':::ﬂi
I A A AAA
S Curs2 Pos
- X | lU v O Mo

v

B

Fig. 2.28 Device voltage decomposition waveform

Using the decomposition waveform, the proposed CM model includes two noise
sources, one is trapezoidal voltage switching waveform, and the other is parasitic ringing
on the voltage waveform. The trapezoidal waveform is the same as the conventional
model. The parasitic ringing on the voltage waveform is excited during switching action.
Because both device voltage and current changes during switching transient, they all
could be the excitation source. Fig. 2.29 shows the CM high frequency equivalent circuit
during switching transient if the excitation source is the device switching current. The
frequency domain expression of the parasitic ringing voltage across C, can be calculated

based on these equivalent circuits.
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Fig. 2.29 CM high frequency equivalent circuits during switching transient-current source

(a) during bottom device turn off (b) during top device turn off
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Usually Cyg >>C), , therefore the parasitic ringing is caused by the resonation

between loop parasitic inductance and device output capacitance. Furthermore, these two

equivalent circuits can be synthesized to a unified circuit if L;., ~ L;._and Ly ~ L,. Fig.

2.30 shows the proposed CM noise equivalent circuit, which is the combination of two
noise sources. V, is the same as conventional model in (2-12) that accounts for the CM
noise up to MHz range, while /. is the current source that creates another high frequency

voltage noise source responsible for CM noise up to tens of MHz range.

de+

de—

Fig. 2.30 CM noise equivalent circuit in frequency domain.

The frequency domain expression of the high frequency voltage ringing across Cp
can be calculated v,(f),

v (N 210 1 (sl +sLy, —Lde (2-15)

1+ (52 2
Qay

1 1 Ll . . . . . .
where L =L [Hoow and L, is given in (2-7). I(f) is given in (2-1)
> s 0 loop 1S & c g
\ Lloop Coss R\ Coss

that is the same as DM noise current representations
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If the excitation source is device switching voltage, the CM high frequency
equivalent circuit during switching transient is given in Fig. 2.31. The voltage source is

the step voltage source with finite rising time as shown in Fig. 2.32.
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Fig. 2.31 CM high frequency equivalent circuits during switching transient-voltage

source (a) during top device turn off (b) during bottom device turn off

c

Fig. 2.32 The step voltage with finite rising time

vr+(f) 1s the ringing voltage when the top device turns off, which is given in,

sCoss sL
V(D) =V () (sLae—+ 5Ly =) (2-16)
1+ Jr(—)2
@y @

Here, V(f) is the frequency domain expression of the step voltage.
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v-(f) 1s the ringing voltage when bottom top device turns off . Its expression is given in
(2-17) if de+ ~ de_ and Lb ~ Lt .

Coss sL
V(N =V () (S
R (i)2 2

—sLg._ +sLp—)e™ " (2-17)

Here, 7 is the time delay between two transient.
To calculate the ringing voltage during a switching period, the ringing voltages caused
by two switching transient have to be combined.

V) = )40 () =V (oL 51y =1 - 70) 2-18)
1+ +(—)2
)

The amplitude of the term (1—e *%)is shown in Fig. 2.33. It shows that it has a flat

envelop of 2 in the high frequency range. It can be considered as the worst case, where

the phase angles of v,.(f) and v,.(f) are the same.

3

2

-7

Fig. 2.33 The amplitude of term (1—e °7)

Therefore, if the worst case is taken into account, (2-18) can be simplified as
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=W (N (ol sy =2y e19)
14—+ ()?
Qay @

Whether to use current source or voltage source as excitation source for parasitic
ringing depends on converter operating conditions such as dc bus voltage and load
current. The criteria to use voltage source is given in (2-20), otherwise, the current source

should be used.

Iy
sC

(AN

Vdc >

(2-20)

According to the frequency-domain equivalent circuit, the CM noise voltage at the
LISN can be calculated as the result of two noise sources multiplied with the propagation
path, as given in (2-21).

25
Vemnoise(S) =V (f)+v,.(f)) 1 (2-21)
25+ ——
Sp
The total noise observed at LISN can be calculated after the CM EMI spectrum is

available. It is given in

Vtota Inoise (= chnoise )+ Vdmnoise f) (2-22)

2.3.3 Parasitic capacitance calculation

The three parasitic capacitors that are considered the main CM noise paths are
effectively in parallel and can be lumped together as a single parasitic capacitor, C,. In

the actual experimental setup, two CM path capacitances are formed between the cable
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and the ground plane, as shown in Fig. 2.34. With cable radius r, and the distance in
between the ground plane 4, the capacitance Cj can be solved in a closed-form solution,

as shown in (2-23).

2r
C, h
| |

Fig. 2.34 CM path formed between cable and the ground plane.

24.2¢

" oefn )N )-1] Opm) (2:23)

The calculated CM path parasitic capacitances are: Cpigng = 38 pF, Crogna = 25 pF.

C

Given the parasitic capacitance between the device and heat sink ground, the total CM

parasitic capacitance can be found as Cp, = Cingnd T CLignd T CrLogna = 85 pF.

2.3.4 CM Experimental Verification

The resulting frequency-domain analysis spectra for different switching times are
shown in Fig. 2.35. The load current is 8A and the switching current is used as the
excitation source for high frequency ringing. The equivalent circuit shown in Fig. 2.30 is
used for calculation. Again, the same circuit CM performance was then verified with
hardware experiment. The results are shown in Fig. 2.36. The experimental result agrees
with the frequency-domain simulation result very well. The predicted total EMI spectrum

and the experimental result of total EMI spectrum are presented in Fig. 2.37. The
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predicted result matches well with the experimental result. The frequency-domain

approach is again proven to be effective for EMI performance prediction.
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Fig. 2.35 Calculated DM noise spectra (a) £,=30ns (b) #,=70ns
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Fig. 2.36 Experimental result of CM noise spectra obtained with different gate resistance
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Fig. 2.37 Total noise spectra obtained with different methods; (a) frequency-domain

approach (b) experimental result.
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2.4 CM Case study- Adding high frequency capacitor snubber

The effect of adding high frequency capacitor across the bus on the DM EMI was
presented in the previous section. It is interesting to investigate its effect on CM EMI
spectrum. Since such kind of snubber will suppress the voltage spike across the device
during device turn-off, it will change CM EMI spectrum in high frequency range. This
effect can be demonstrated by the frequency domain modeling and prediction method.
Fig. 2.38 shows the common mode circuit configuration after adding the high frequency

circuit across the dc bus.
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Fig. 2.38 Common mode circuit configuration with the added high frequency capacitor

Fig. 2.39 shows the CM frequency domain equivalent circuit with the addition of the
high frequency capacitor. Although the current source and voltage source are still with
the same expression as (2-1) and (2-13), the noise path in high frequency range changes

significantly by adding the capacitor.
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The frequency domain expression of the high frequency voltage across the parasitic

capacitance can be calculated based on the equivalent circuit,

1+ +(i)2 .
V()= 1) (o1 st - e (2-24)

1 + L + (L)Z
Oowy g

The expression of Q., @., Oy and . are the same as given in (2-11). The CM EMI
under the effect of two sources can be calculated using (2-21). The high frequency
capacitance value and measured ESR and ESL are: C;=330 nF, L,=8 nH, R;=18 mQ.

Fig. 2.40 compares the frequency-domain prediction and experimental results of the
EMI spectrum. The experimental result agrees well with the result from the frequency
domain prediction. Compared with CM EMI spectrum shown in Fig.2.34, the high
frequency peak around 22 MHz disappears. This is due to that the high frequency
capacitor provides a path for the high frequency current, which decouples the devices
lead inductance and dc bus parasitic inductance. Fig. 2.41 shows the predicted and
experimental results of the total EMI spectrum after adding the capacitor. The predicted

result matches well with hardware experimental result. The peak around 1 MHz is a
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result of DM EMIL. It is caused by the resonant between the added capacitor and dc bus

parasitic capacitance. In high frequency ranges, the CM EMI becomes dominant.
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Fig. 2.40 CM EMI spectrum with added capacitor (a) calculated result (b) experimental

results
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Fig. 2.41 Total EMI Spectrum with added capacitor (a) calculated result (b) experimental

results

2.5 Summary

This chapter proposes the concept of the “frequency-domain” analysis to predict EMI

spectrum for inverter circuit. A partial of inverter phase leg, single phase chopper circuit
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was used as studied circuit. High frequency equivalent circuit for both CM EMI and DM
EMI are proposed. Through these high frequency circuits, the noise source and the noise
path can be derived in close form. Using accurate noise source and path models, the
proposed method avoids the computational problems in the conventional “time-domain”
analysis and effectively predicts the EMI performance. The predicted results match well
with the experimental result. Adding high frequency capacitor will change the noise
propagation path of DM EMI and change the CM noise source in high frequency region
significantly, thus producing different spectrum for both CM EMI noise and DM EMI
noise. Its impact was effectively evaluated through frequency domain analysis and

hardware experiments.
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Chapter 3 DM EMI Modeling and Prediction- three phase inverter

With complexity of circuits and control methods, the electromagnetic interference
(EMI) produced in a three-phase inverter is much more difficult to predict than in a dc/dc
converter. Much of past research was focusing on the EMI impact to the motor and
compatibility issue, but not on the inverter itself, which is indeed the major source of
EMI in the entire motor drive system. Unlike dc/dc converters, motor drive inverters is
very difficult to reach the steady-state operating condition in time domain simulation due
to the huge difference between simulation step (nano seconds) and fundamental cycle
(mili seconds) and most likely the simulation also has convergence problems. Frequency
domain EMI analysis and modeling for three phase inverter is much more demanding

than that for dc/dc converter.

A more accurate noise source and parasitic path identification for DM EMI prediction
of chopper circuit was proposed in chapter 2. In this method, the active device current is
identified as the noise source and the noise path including the interconnect parasitics and
device parasitics identified through parasitics extraction tool —Maxwell Q3D. This
method was proven to be effective for differential mode (DM) EMI. It shows the
appreciation of the fundamental mechanisms by which the DM EMI noises are excited
and propagated. The DM EMI is dominated in the low-frequency region by the pulse-
width-modulation (PWM) switching and the resonant peak in high frequency region is
caused by the parasitic elements coupling with device switching dynamics in the EMI

excitation.
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Although the prediction result from this modeling method matched well with numeric
simulation and experiment in both low frequency and high frequency range for single
noise source circuit, the adoption of this method to multiple noise source circuit — three-
phase inverter with complex SVM operation is still a challenge. This chapter attempts to
predict the DM EMI of three-phase inverter with more accurate noise source and path
models based on this proposed modeling method. A 300 V, 10 kW, three-phase IGBT
inverter was used as the studied circuit. Predictions with the proposed modeling method
were performed and the predicted results are compared with experiment results. Since the
modulation scheme is taken to account in the noise source modeling, this methodology

can be applied to other three-phase PWM inverters to evaluate their DM EMI spectrum.

The three different noise source models based on three different modulation schemes,
sinusoidal pulse width modulation (SPWM), SVM and bus-clamped discontinuous pulse
width modulation (DPWM) are derived. Predictions with the proposed modeling method
were performed for different modulation schemes, and the predicted results are compared
with those from experiments. The results show that the modulation schemes have effects
not only in switching frequency related harmonics, but also in high frequency range as

well.

3.1 Introduction

The straightforward frequency-domain method was based on the description of the

system topology using transfer function and a direct frequency representation of the noise
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sources. Using this method, we can avoid time domain simulation which is time
consuming and requires a large amount of computer storage. However, the obstacle that
prevents this method from widely used is the accuracy of the noise source and path
identification and description. Chapter 2 proposed the method which focuses more
accurate noise source and noise path identification for single phase chopper. However,
for three phase inverter, the circuit topology becomes more complex, which means that
the noise propagation path becomes more complex; the control method can be SPWM
control or space vector modulation rather than constant duty PWM control, therefore, the

noise source representation could be more complicated.

Since the single-phase chopper circuit is the base of three-phase inverter, it is
necessary to start with the DM noise modeling of the chopper circuit to develop the more
accurate DM model for three-phase inverter circuit. Fig. 3.1 shows the simple chopper
circuit that consists a diode and an active switch and an electrolytic capacitor with an
equivalent series resistor (ESR), R; and inductor (ESL), L,. Because the parasitic
inductance plays an important role on the EMI performance, all the parasitic inductance

values have to be known in order to predict EMI performance accurately.

OO
L, |
le
<Re D1 O
Vdc J—
Ik
E Cdc S1 =
LB
fé%\ Ly

Fig. 3.1 Single phase Chopper Circuit
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The single phase leg in the above chopper can be replaced with a high frequency
circuit as shown in Fig. 3.2. It consist a current source as noise source and the parasitics

including device lead inductance, output capacitance and as noise propagation path.

TLic T Ly
D1%
il [ e
[dm
S1/_L Ide T Cout # «4 F T %
Ly b

Fig. 3.2 high frequency equivalent circuit and noise current source representation

The time domain waveform of the current source as shown in Fig. 3.2 can be
approximated as a trapezoidal waveform with finite rise time and fall time assuming that
the filter inductor is large enough to make the current ripple small. It can also be assumed

that the rise time is identical to the fall time.

The frequency domain representation of the trapezoid waveform is shown (1),

. nmut
/- 5 g Sin(nzd) sin( %) G-1)

nd nﬂfj/
T

where d is the duty cycle, T is the inverter switching period, / is the current

amplitude, and # is the harmonic order.

The duty cycle d and current amplitude / are constant value in single phase chopper,

however, this is not the case for three-phase inverter as shown in Fig. 3.3. In three-phase
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inverter, the duty cycle is determined by modulation scheme and the current amplitude
varies sinusoidal during a line cycle. Therefore, (3-1) can not be used for three phase
inverter. New noise source representation in frequency domain has to be found for three

phase inverter.

T 2T 3T

Fig. 3.3 Switching current within switching cycle

On the other hand, the physical layout of three phase inverter is much more
complicated than that of single phase chopper, which increases the difficulty for noise
propagation path determination. Fig. 3.4 shows a three-phase inverters circuit including
six active switches, device parasitic inductance and interconnect inductance, which
consists of six noise sources and has much more complex noise propagation paths than
those of the single-phase chopper. Therefore, a unique high frequency equivalent circuit

for three-phase inverter has to be determined first.

—00 /O /O
J J J;: }
Rdcs %

T Lys Load

L
Lot d—mn N

Fig. 3.4 Inverter circuit with parasitic Inductance
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3.2 The proposed modeling and prediction method

The following part of this chapter attempts to apply this modeling method to predict
DM EMI spectrum of three-phase inverter circuit. To calculate the DM noise for such
complex circuit, the noise source and propagation path have to be identified clearly.
Assuming that the active device current is the DM noise source, the first step is to
determine the period in which phase current flows through active switch or freewheeling
diode according to inverter operation. Fig. 3.5 shows the combination of inverter output
current distribution. Here, the upper half wave of the phase current flow is defined as
positive. The inverter operation can be divided into six part represented by six sub-

circuits

(1) 1.>0, 1,>0, I<0
(2) 1.>0, 1,<0, I.<0
(3) >0, 1,<0, >0
(4) 1,<0, 1,<0, | >0
(5) 1,<0, 1,>0, >0
(6) 1,<0, 1,>0, I.<0

Fig. 3.5 Combination of inverter output current distribution

These sub-circuits are shown in Fig. 3.6 according to the direction of current
distribution. In each sub-circuit, each phase leg is reduced to an active switch and a
freewheeling diode, which is the same as the single-phase chopper circuit. Therefore, the

high frequency equivalent circuit for the chopper can be applied to each phase leg. The
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high frequency equivalent circuit can be used to represent the nonlinear switch model of
each phase leg with respect to the current direction. Fig. 3.7 presents the high frequency
model in which the current source is pulsating current representing the current going
through the active switch and C,,, is the device output capacitance.

Rd" = J J{ ? /

—>

7
v, 1 L, ac
de Ly 3 [ & Load

Cdz" } J§
Eo7 N S, -

(1) 10, I>0, [c<0

Rdc & 3 Ji ? |
> L
b, ( ac
Vit Lk A \@
Cdc ~ J ;‘ J§
Ll o T o .
(2) 1x<0, Ig>0, Ic<0
Ry3 } J{ J 1
Ly, ( ac
>
Vag  Lac g [ L SLoad)
Cdz‘ ~ J } ?
Ll o3 %
(3) 1,<0, I5>0, [0
J
Rdz‘ ? I,
-
L[ ac
V,L L=
de de =] | L’ Load
CdL J J
L ST ST ST

(4) 1,<0, I3<0, Ic>0
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(6) 1,>0, <0, I<0

Fig. 3.6 Sub-circuits of inverter operation

By putting the high frequency model into each sub-circuit, each sub-circuit becomes a
linear circuit that can directly be solved in frequency domain. For example, Fig. 3.8
shows the high frequency circuit for sub-circuit 1, and the DM noise voltage across LISN
during this period can be calculated with (3-2). The total DM noise across the LISN for
the inverter during a fundamental cycle can be achieved by summing the DM noise

voltage of all the sub-circuits according to (3-3).

Switch model High frequency  quiich moder  High frequency
model model

>0 I<0

Fig. 3.7 High frequency model of phase leg
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Fig. 3.8 High frequency linear circuit of sub-circuit 1

Vi) =V (Vi () + Vo ()

Vi) = L (H)Z () k=26
Vie (F) =1, ()2 (f)
Vck(f) :Ick (f)ch(f) (3_2)

Here, & is the number of the sub-circuit, Vu(f), Vir(f) and Vi(f) are the noise voltage at
LISN produced by current noise source L(f), Ini(f) and L(f) respectively. Zu(f), Zok(f)

and Z.(f) are noise propagation path for each phase in the sub-circuits.

Vi () =DV (f) (3-3)

It can be derived from Fig. 3.7 and Fig. 3.8 that all the sub-circuits have the same
configuration except that the expressions of the current sources are different. Hence, it is
possible to unify all the six sub-circuit together to one equivalent circuit which is much
more convenient to calculate the noise generated on LISN. The DC link current always

satisfies the condition in (3-4).

Ide = Saia + Sbib + Scic (3-4)

1 when top switch is on

Si = ~ k=ab,c
0 when bottom switch is on
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In other words, (3-4) can be applied to each sub-circuit in Fig. 3.6, therefore, a unified
circuit model shown in Fig. 3.9 can be achieved for noise calculation. It is also indicated
that each phase leg of the inverter can be replaced with a unified high frequency linear
model. Fig. 3.10 shows the switch model of inverter phase leg and its unified high
frequency linear model. The total DM noise across the LISN for the inverter during a
fundamental cycle can be achieved just by calculating the unified circuit model without

summing the DM noise voltage of all the sub-circuits in Fig. 3.6.
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Fig. 3.9 A unified circuit model for DM noise calculation

Switch Unified linear
model model

Fig. 3.10 Unified High Frequency linear model of inverter phase leg
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The DM noise generated on the LISN, Vg, (f), is shown in (3-5)

Vam (1) = 2 (N Zk(f) (3-5)

k=a,b,c
Here, Ii(f) is expression of sy in frequency domain.

It is difficult to use the circuit simulator to solve the linear circuit shown in Fig 3.9,
because it requires a huge table to describe the current source in a fundamental cycle.

Therefore, the frequency domain representation of the current source is necessary.

3.3 Differential mode noise source modeling

Unlike the current source in chopper circuit that has constant duty cycle and
amplitude in each switching period, the pulse current of current source in Fig. 3.9 has
variable duty cycle and amplitude for each switching period, which leads to the difficulty
in Fourier series integral. The common solution to obtaining Fourier integral for SPWM
waveform is the double integral Fourier form. The double integral Fourier form applied

to device current is given in (3-6).

1 . . .
Cmn = Amn +ijn =2_2 )}: ij I(t)f ](mwSHnwot)d(a)st)d(th) (3'6)
V4 s r

Here () is the phase current going through the device, @; is switching frequency, @y
is fundamental frequency. The outer integral limit y., y- and inner integral limit x,, x are
determined by the modulation scheme and the inverter we studied is operated under the

center-aligned SVM. Therefore, in order to derive the frequency domain expression of
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noise source in Fig. 3.9, the first step should be to determine the outer integral limit and
then the inner integral limit with space vector sectors. Fig. 3.11 shows that there are six
sectors for inverter operation during a fundamental cycle. The double integral Fourier
form can be applied to device current in each sector respectively and thus the double
integral Fourier form in a fundamental cycle can be achieved by adding them together as

given in (3-7).

Vi
Conn = ZCmnk (3-7)
k=I
For instance, the double integral Fourier Form applied to device current in sector I is

shown in (3-8) in which the outer integral limit is replaced with /3.

1 Zex, .
Comt =5 [ [1] 150175 @ty (3-8)
28l

where subscript p can be either of a, b, or ¢, I,(f) = Icos(wpt — ), I)(t) = Icos(wpt — &
—27/3), 1.(t) = Icos(awnt — a + 27/3), x, = —md(wpt), xr= 7d(copt), and d(wyt) is the duty

cycle function of the top switch of each leg.

npn 1I  ppn
III |
npp-« >
I\Y% VI
nnp vV pnp

Fig. 3.11 Space vector

The next step is to determine the inner integral limit and the inner integral limit is

determined by the duty cycles of the top switch and these duty cycles also have different
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expressions in different sector regions. The duty cycle functions of the top switch of each

leg during different sectors are given in Table 3.1. Fig. 3.12 illustrates those functions in

one fundamental cycle when modulation index is 1.

T 27
wyt

Fig. 3.12 Duty cycles of the upper switch of each phase under center aligned SVM

Table 3.1 Duty cycle function of top switch in each space vector sector

d,(wgt) dp(t) d(wpt)
[0.5] (14 M cos(apt - ) S0+ 3M sin(ant - D)) 1= cos(ant - 5)
£ | Las oo S+ Msin(a) L sinconn)
[27” ] %(1 + M cos(@yt + %)) %(1 — M cos(ayt + %)) %(1 —\3M cos(ayt - %))
(725 S (LM cos(apt~5) S 3 sinot -5 L0 M cos(ant -2
Ry L3 cos(a) S+ M sin(oy) L-asintann)
[5?” 27] %(1 +M cos(at + %)) %(1 — M cos(amyt + %)) %(1 —3M cos(ayt— g))

To further derive the analytical expression of (3-8), the double Fourier form can still
be applied. With switching current of phase A in vector sector I as a example, the inner
integral in (3-8) can be changed based on Table 3.1, and the result is shown in (3-9).

Initially, the sideband effect is not taken into account n is assumed to be zero. More
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completed result will be presented in the following section with the consideration of

sideband effect.
7(1+M cos(motfz) —j(maogt)
c I cos(w,t — )l d(wt)d(w,t)
272- ——(1+M cos( wot—f (3-9)
)i z _'(m7(1+Mcos(w0 - —j(m= (1+M cos( @,
— L [Feos(a— oy SO TV (@,1)
27%m Y

The integral result of (3-9) is summations of Bessel function. It indicates that the
integral results over a fundamental cycle are several summations of Bessel function
according to (3-7). Fig. 3.13 shows the frequency spectrum of the switch current in each
phase over a fundamental cycle, which was plotted by Mathcad™. It should be pointed
out that this spectrum is identical for all three phases. Although the switching frequency,
fs, 1s 20 kHz, and the fundamental frequency, fy, is 200 Hz, the first peak occurs at 40 kHz
instead of 20 kHz and the rest of peak in switching frequency harmonic range only occurs
at even harmonics of switching frequency. In high frequency range, the frequency

spectrum introduces a near 30 dB/dec slope drop.
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Fig. 3.13 Spectral representation of noise source in each phase
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3.4 Differential mode path modeling

Parasitic parameters of EMI-related components, including resistors, capacitors, power
buses and devices must be determined for EMI prediction. To facilitate an experimental
verification of this prediction approach, a 10-kW three-phase IGBT-based inverter made
on PCB board was used. Resistor and inductor are connected in series as the inverter
load. The motor was not used as load for the purpose of isolation of noise generated from
motor and those form inverter. In this paper, we are only concerned about noise generated
from inverter. There are no high frequency capacitors putting across devices on each
bridge because the noise caused by the parasitic component of devices and PCB can be
magnified to show the significance of the individual parasitic components. The
parameters of the parasitic components are identified through numerical computations

using FEA tools.

A. IGBT parasitic inductance

The IGBT used on this inverter was IRG4PSC71UD with TO247 pacikge and the
device parasitics were analyzed using Maxwell Q3D. The resulting parasitic inductance
are shown in Table 3.2. In this table, the diagonal elements of the matrices are self

inductances, and the off-diagonal elements are the mutual inductances.

Table 3.2 calculated results of the device parasitic inudctance

Inductance (nH)

Lead Collector Emitter Gate
Collector 15.9 5.88 5.88
Emitter 5.88 15.9 3.73

Gate 3.73 5.88 15.9
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The calculated inductance mathematically represents the component of the inductance
that results from the part of the current loop being modeled. The current always flow in
collector (emitter) lead and out emitter (collector) lead, therefore the loop inductance

between collector and emitter can be obtained by

Lloop-ce = Lcc + Lee - Lce - Lec =20.04 nH

Assuming that L~=L,~10.02nH, and the coupling effect between device leads is
negligible, the total parasitic inductance induced by IGBT leads on one phase leg

becomes 40.08 nH.

B. DC bus parasitic inductance

The inverter PCB consists of inverter DC buses, AC bus, gate drive part and auxiliary
power supply part. Among them, the DC buses occupy the largest area on the board and it
is the dominant DM EMI path. To reduce the computation load of parameter extraction,

only parasitic inductance on DC bus was extracted.

The dc buses consist of copper traces on four major PCB layers as shown in Fig. 3.14,
where the top two layers are DC positive and the bottom two layers are DC negative. The
coupling effect between each phase has to be taken into account, and Table 3.3 shows the

extracted parasitic inductance from Maxwell Q3D.
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(b)
Fig. 3.14 DC bus structure (a) positive bus (b) negative bus

Table 3.3 Calculated results of the DC bus parasitic inudctance

Inductance (nH)

LC+ LB+ LA+ LA- LB- LC-

Lc+ 86.7 45.8 14.1 26.3 60.5 914
Lp+ 45.8 53.9 15.1 23.6 37.2 41.6
Ly 14.1 15.1 9.5 9.7 11.7 12.7
Ly 26.3 23.6 9.7 20.3 26.5 29.3
Lp. 60.5 37.2 11.7 26.5 53.8 67.6
Lc 914 | 41.6 12.7 29.3 67.6 | 1144

The above table can be simplified based on the fact that three pairs of parasitic
inductance Lc+ and Lc., Lg+ and Lp., and L+ and Ly , are all in series as illustrated in
Fig. 3.15. According the concept of loop inductance given in (3-10) and (3-11), a
reduced parasitic inductance matrix that is more convenient for DM noise analysis can be

derived. Table 3.4 shows the reduced parasitic inductance matrix of DC bus.
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Fig. 3.15. Equivalent circuit of extracted inductance matrix
me =Lm+m++Lm-m-'2Lm+m- (3' 1 0)
Lyn=Lmsn+TLm-n--Lin-n+-Limn- (3'1 1)

where, m=A,B,C, n=A4,B,C.

Table 3.4 Reduced parasitic inductance matrix of DC bus

Inductance (nH)
Lc Lp Ly
Lc 33.2 11.3 6.3
Lp 11.3 18.3 4.3
Ly 6.3 4.3 10.3

With most of the high-frequency parasitic inductance identified for major EMI-related
components in the tested inverter, a high-frequency linear model of the inverter circuit
can be developed as shown in Fig. 3.16. The parameters in the circuit are L;537=40.08

nH, C,,~0.6 nF, C;=620 uF, L;~100 nH and R;~=15 mQ.
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Fig. 3.16 High frequency model of inverter of DM noise prediction

Since all the parasitic components are known, we can calculate the propagation path
transfer function by solving the equivalent linear circuit in Fig. 3.17. The definition of the

propagation path transfer function is given in (3-12)

b c
I,(f) Ip(f) I.(f)

Z,(f)= (3-12)

where V,(f) is the noise voltage across the LISN excited by the noise source /,(f).

Fig. 3.17 shows the propagation path transfer function plotted by Mathcad. It can be
seen that the resonant points occur at the same point for different phases that are excited
by the noise sources. For the first resonant point, not only the frequency but also the peak
is equal. Different damping occurs for the rest of resonant points. These resonant points
are basically determined by the loop inductance and the parasitic output capacitance of

the IGBT.
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Fig. 3.17 The plot of the propagation path transfer function

3.5 Validation through simulation and experiment

To validate the proposed modeling and calculation method, the high frequency noise
produced by the inverter has to be measured. A set of LISNs are placed between the
battery source and the inverter under test. The LISN provides 50-ohm impedance
matching for entire high frequency range. The output of the LISN can be connected to
oscilloscope or spectrum analyzer to obtain the spectrum. A two way 180-degree power
combiner manufactured by Mini-Circuits is used to extract the DM noise. Fig. 3.18 shows
the EMI test setup. The center aligned SVM signals are sent out by a digital signal
processor (DSP) — ADMC 401™. The output of the inverter feeds to a three-phase
resistor (48 ohm) and inductor (600 uH) load with Y configuration. The inverter

operation condition is as following:
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switching frequency f; 20 kHz

output fundamental 200 Hz
frequency f)
modulation index M 0.75
peak value of output 4 A
current
output power P, 620 W
DC bus voltage V3, 300V

Oscilloscope/
Spectrum Analyzer

DM
Combiner ADMC401

<
* L

—_ Inverter Under T — vt

Test
i ——
LISN _I_

Fig. 3.18 Block diagram of EMI test setup

LISN

The DM EMI spectrum of inverter during a fundamental cycle can be calculated
using (3-4) based on the source and path models derived in sections 3 and 4. Fig. 3.19
shows the calculated results, which are compared with experimental results in Fig. 3.20.
The calculated result using the proposed method matches the experimental result both in
switching frequency range and in high frequency range very precisely. It can be seen that
in switching frequency harmonic range noise peak only occurs at even harmonics, which
validates the modeling of the noise source. In high frequency range, the resonant point

matches well between the calculated result and the experimental result, which validates
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the modeling of noise propagation path. It is also indicated that the resonant points of the

noise propagation path determine the location of the peak of the EMI spectrum.
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Fig. 3.19 Frequency domain calculated result of DM EMI spectrum
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Fig. 3.20 Experimental result of DM EMI spectrum

A slight difference is observed between the calculated result and experimental results
in higher frequency range around the second resonant peak. The differences in higher
frequency spectrum may be caused by lack of models of other parasitic effects on the
inverter board. For example, no ac bus parasitics were taken into account and the AC

resistance, which is regarded as a fixed value, is a function of frequency and it will
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increase dramatically as in high frequency region because of skin effect and proximity

effect.

3.6 Modulation scheme effect on DM EMI spectrum

Since the DM EMI prediction results from this modeling method match well with
experiment results both in low frequency and high frequency ranges for three-phase
inverter under center-aligned space vector modulation (SVM), it is interesting to extend
this method to other modulation scheme to predict DM EMI spectrum.

Although PWM technique has been the subject of intensive research of three-phase
inverters for the last couple decades, most of the work has concentrated on the harmonics
produced on the ac output, rather than the effect of modulation scheme on EMI spectrum
at the dc input. Hence, it is the intension of this chapter to evaluate the effect of different

modulation schemes on EMI spectrum at the dc input.

3.6.1. Noise source modeling under different Modulation Scheme

Over the last several decades, a number of PWM methods have been develop,
however, only several of them have been widely accepted [12]. These accepted methods
can be divided input two classes, continuous PWM and discontinuous PWM method. The
continuous PWM method indicates that these are always switching actions occurring for
each phase leg during a switching cycle. The common SPWM and center-aligned SVM

method belong to this class. In discontinuous PWM method a phase has a period during
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which the output voltage of this phase is clamped to either positive dc bus rail or negative
dc bus rail. This period lasts at most one third of the fundamental cycle. This method is
known for less switching loss compared to SPWM and center-aligned SVM method
because it takes less switching actions. However, the effect on EMI spectrum imposed by
this method has not been studied. In this paper, three PWM methods, SPWM, SVM and
DPWM, will be discussed. Although only one of DPWM methods is discussed, the result

can be extended to other DPWM methods.

A. SPWM
In the conventional SPWM method, the duty cycle function of the phase-a top switch
can be represented in (3.13).
dyopt) = (1 M cos(a) (3-13)
For phase-b and -c, the only difference is a 120° phase shift, thus the duty cycle

function of three-phase top switches on each phase under SPWM can be illustrated in

Fig. 3.21.

Fig. 3.21 Duty cycles of the upper switch of each phase under SPWM
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The noise source model under SPWM method can be obtained from double integral

Fourier form applied to device current, which is shown in (3-14).

z
27 p—(1+M —J
= 1 7ZJ' 275 +M cos(wgt)) I cos(@yt — @)/ j(mwSHwot)d(a)St)d(a)Ot)

272'72 0 —E(1+Mcos(a)0t)) (3_14)

1

j(mg(nM cos(pt))) S j(mg(nM cos(ot)))
27%m )

2 o
.[0 ”cos(wot — o)l J(@ot) @ (1)

It was demonstrated above that the LISN absorbs the sum of the currents flowing in each
phase at the switching frequency and its harmonics range. The sum of the noise source

models for all three phases is given in (3-15).

Coun = chmn (3-15)

Fig. 3.22 illustrates the sum of the noise source model for all three phases under SPWM
method at switching frequency (20 kHz) and its harmonics range. Note that the side band
effect is considered. The highest peak occurs at the second harmonics frequency 40 kHz,

not at the switching frequency.
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Fig. 3.22 Sum of the noise source models under SPWM.
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B. SVM
The center-aligned SVM method was proposed in 1980s and was obtained by

averaging the duty cycle over two consecutive switching states. The phase-a top switch
duty cycle function is described in (3-16). The duty cycle function of three top switches

on each phase under SVM method is then illustrated in Fig. 3.23.

1 T T
—(1+ M cos(wpgt ——)) if 0<awpt <—
2( (@0 6)) if 0f <3

LM cos(apt)) if Z < gt <2Z
2 3 3
1 ) (3-16)
—(1+Mcos(agt +2)) if “L<apt<n

da (a)Ot) = 762_ 3 4
5(1 + M cos(wyt — E)) if m<aopt < 3

%(1 +3M cos(agt)) if 47” <yt < 5?”

1
E(I+Mcos(a)ot+%)) if 5777<a)0t<27r

Fig. 3.23 Duty cycles of the upper switch of each phase under SVM

The noise source model under SVM method can be obtained from double integral
Fourier form applied to device current according to the duty cycle function, which is

shown in (3-17).
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C (1+M cos(a)ot

amn =3 JO ) dd(oyd (o)

(1+M cos(a)otff))
N . LT J7(1+\/7M cos(wyt)) Ad(o t)d(a)ot)
2 (1+I 3M cos(wyt))

+7J‘ J- (1+Mcos(a)0t+ )) Ad(y)d(@yl) +

272 —7(1+M cos(a)ot+ 5

71 M
. 2[ j (1M cos(ani— ¢ D d(oy)d (o) +
v/

(1+M cos(wot— ))

(1+I 3M cos(wyt))
Ad(wgt)d(wgt) +
272 I 4z (1+I 3M cos(ayt)) '

7[27[] (1+M cos(wyt+— ))

Ad(wgt)d(wyt)
272 (1+Mcos(w0t+ ))

(3-17)

where A=I-cos(wot — (p)ﬁ_j(mwsﬁmt). Fig. 3.24 illustrates the sum of the noise source

model for all three phases under SVM method at the switching frequency (20 kHz) and

its harmonics range. It is the same with SPWM that the highest peak occurs at the second

harmonics frequency 40 kHz, not at the switching frequency. In addition, this method

shows lower peak value at the switching frequency and its associated odd harmonics

compared with the SPWM method.
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Fig. 3.24 Sum of the noise source models under SVM
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C. DPWM

Using a discontinuous type of zero-sequence signal, a modulation method with
discontinuous modulation waves was developed. Since during each carrier cycle one
phase ceases modulation, the associated phase is clamped to the positive or negative dc
rail and the switching losses of the associated inverter leg are eliminated. One DPWM

method is chosen for study, which is described by (3-18).

1 if0<a)0t<§

Mcos(a)ot—z) if £<w0t<2—ﬂ-
6 3 3
x or (3-18)
1+ Mcos(wpt +—) if —<awmpt<rn
6 3
dy(wpt) = .
0 ;’f7r<co0t<T

V4 4z by
M cos(wpt ——) if — <yt <—
(@ 6) if 3 0f <=3

)
1+Mcos(a)0t+%) if ?ﬂ<w0t<27r

The duty cycle function of three top switches on each phase is shown in Fig. 3.25.

Fig. 3.25 Duty cycles of the upper switch of each phase under clamped-bus DPWM
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The noise source model under DPWM method can be obtained from double integral

Fourier form applied to the device current, which is a function of the duty cycle. The

noise source model of the DPWM method can be expressed in (3-19).

Con=7 3 j I”M cosl@ot=¢ 6 Ad (o) (@y)
—M cos(wot— )

. J‘ﬂ 7z’(1+Mcos(w0t+ )) Ad(@y)d (@) +
27[ 3 —7r(1+Mcos(co0t+ ))

™ cos(@of~—¢ 6 Ad(w,0)d (@qf) +

272 '[4—” —M cos(a)ot——)

- . jzﬂjﬂ(HMCOS(wOH )) Ad(a)st)d(a)ot)

—r(1+M cos(wyt+ ﬂ))

(3-19)

where 4 = I'cos(wot — @)A7™ ™ Fig. 3.26 illustrates the sum of the noise source

model for all three phases under DPWM method at the switching frequency of 20 kHz

and its associated harmonics. Unlike SPWM and SVM methods, DPWM method presents

the highest peak at the switching frequency. This proves that that different modulation

schemes present different noise source models that lead to different noise spectra at the

switching frequency and its associated harmonics.

20

10
0

Amplitude (dBA)

10 100 200

f(kHz)

Fig. 3.26 Sum of the noise source models under DPWM.
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3.6.2 Experiment Verification

The DM EMI spectrum of inverter during a fundamental cycle can be calculated
using (3-4) based on the source and path models derived in sections 3 and 4. Fig. 3.27
shows the calculated results under three different modulation schemes. The most
significant difference among the EMI spectra is shown at switching frequency 20 kHz
and its second harmonic, 40 kHz. SVM scheme gives the lowest noise peak amplitude at
switching frequency compared to SPWM and DPWM scheme. In both SPWM and SVM
schemes, the noise peak amplitude at the even harmonic of switching frequency is higher
than that at the odd harmonics of switching frequency, which is not the case for DPWM
scheme. In high frequency range, SVM gives the highest noise envelop and DPWM gives
the lowest one. The difference between these two envelops is about 5dB. To validate the
proposed modeling and calculation method, the high frequency noise produced by the
inverter has to be measured. A set of LISNs are placed between the source and the
inverter under test. Different PWM schemes are implemented by a digital signal

processor (DSP) — ADMC 401™.

Fig. 3.28 shows experimental results of DM EMI spectrum under different PWM
schemes. The calculated result using the frequency domain method matches the
experimental result both in switching frequency range and in high frequency range very
precisely. The experimental results show the same distinction of the EMI spectrum
among different schemes as the calculated results. It is also indicated that the resonant
points of the noise propagation path determine the location of the peak of the EMI

spectrum, which is not related to modulation scheme.
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3.7 Summary

A frequency domain approach to prediction of DM conducted EMI from three-phase
inverter has been presented. This approach relies on identification of noise source based
on inverter operation and extraction of parasitic parameters of the inverter components to
predict the EMI currents produced in an inverter circuit. Methodologies for extraction of
parasitic parameters of the inverter circuit are developed using finite element analysis.
With accurate noise source and path models, the proposed “frequency-domain analysis”
method avoids the computational problems in the conventional “time-domain analysis”
and effectively predicts the DM EMI performance in high frequencies for an SVM based

inverter.

The effect of different modulation schemes on DM EMI spectrum are evaluated
through frequency domain method analytically. Different modulation scheme leads to
different noise sources, which are represented in frequency domain respectively. The
calculated results are verified through experiment test. But the noise path is generic, and
its associated resonant frequency is the same regardless of the modulation scheme. The
EMI performance, however, is highly affected by the modulation scheme both in the
switching frequency related harmonic frequencies and in the noise path related resonant
frequencies. In high frequency range, center-aligned PWM gives the highest noise
envelop and DPWM gives lowest noise envelop. The DPWM has a significant portion
running with zero duty, and thus overall producing lowest noise source in frequency
domain including in high frequency regions where the EMI performance is mainly

dominated by the noise path related impedance. The SVM, though, produces lowest peak
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EMI amplitude at the switching frequency, with more than 10 dB reduction over the other

two methods. This feature may be desirable when considering the design of EMI filters.
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Chapter 4 CM Noise modeling and prediction for three phase

inverter

The common mode (CM) EMI of motor drives has been an intensive research area of
power electronics in recently years. Most researches were focusing on the common mode
current generated by the motor side rather than by the inverter side. The inverter side can
generate significant CM current due to the parasitic capacitance between the inverter and

ground plane.

The frequency domain CM EMI prediction method was presented in Chapter 2. In
this method, the CM noise source is determined as two parts, one is the switching
characteristics such as dv/dt, and the other is parasitic ringing on the voltage waveform.
The former part accounts for the noise up to MHz range, while the latter causes the noise
up to tens of MHz range. To derive the noise source model of the first part, the PWM
pattern should be considered. The interconnect parasitics and device parasitics should be
included in the high frequency equivalent circuit in order to derive the noise source
model of the second part. This method shows the appreciation of the fundamental
mechanisms by which the CM EMI noises are excited and propagated. The CM EMI is
dominated in the low-frequency region by the pulse-width-modulation (PWM) switching
and the resonant peak in high frequency region is caused by the parasitic elements

coupling with device switching dynamics in the EMI excitation.

This chapter attempts to predict the CM EMI of a three-phase inverter with complex

PWM patterns along with the noise propagation path using the proposed modeling
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method. The inverter described in the previous chapter was used as the studied circuit.
The three different noise source models based on three different modulation schemes,
sinusoidal pulse width modulation (SPWM), SVM and bus-clamped discontinuous pulse
width modulation (DPWM) are derived. The impact of modulation index on EMI
spectrum is studied. Predictions with the proposed modeling method were performed for
different modulation schemes and different modulation indexes, and the predicted results
are compared with those from experiments. The results show that the modulation
schemes have effects not only in switching frequency related harmonics, but also in high
frequency range as well, while the modulation index mainly has its impact in switching

frequency and its related harmonics range.

4.1 Introduction

The noise source and propagation path concept has to be used to obtain insightful
analysis and modeling for the CM noise of three phase inverter system. The noise source
is called common mode voltage that will be discussed in the following paragraph. The
noise propagation path of a three phase inverter motor system is much more complicated
than that of a single phase circuit because the system consists of inverter, AC output
cable and motor. All the above elements have parasitic capacitance to the ground that can
conduct leakage current. Besides, the parasitic capacitance and inductance of these
elements in the motor drives system create multi-resonant peak in CM noise spectrum,

which is difficult to characterize. To understand the resonance mechanism or noise

94



propagation path, the system must be decomposed into several parts and studied
separately. It is a common practice to divide the motor drive system into several
subsystems such as inverter circuit, auxiliary power supply, AC output cable and motor.
Each subsystem could contribute to the propagation of common mode noise. Much of
past research on the path of common mode noise was focusing on the high frequency
impedance from the motor and AC output cable, for instance, one research area that
draws researcher’s attention is the impedance of output cable connecting the inverter and
motor. Reference [20] explained the long cable effect on CM mode voltage as a result of
transmission line. However, the common mode noise path of inverter itself is not well
studied due to the complexity of its operation. This chapter will focus on the common

noise propagation by the inverter itself.

The previous studies of noise source [13,14], which is common mode source, were also
concentrated on the high frequency current and CM mode voltage at the motor side. Fig.
4.1 shows the inverter motor drive system that includes three-phase inverter, AC output
filter and motor. Lk is output filter inductance and Ry is output filter resistance. C, is the
stray capacitors between stator winding and motor frame, which conducts high frequency

leakage current.
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Fig. 4.1 Inverter motor system

This leakage current is caused by the step change of the common mode voltage
produced by the PWM inverter switching action. The common mode voltage from motor

side is given by

_ Vg TVp TV, _ Sanc +Sdec +S0Vdc
3 3

40} 4-1)

where v,, v, and v, are the output voltages at the mid point of each phase. S,, Sy, and S,
are switching states for each phase, which is 1 when the top switch is on and is -1 when

the bottom device is on.

Table 4.1 shows the value of v,, v, and v, under each switching vector if the inverter is

under SVM operation.
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Table 4.1 v,, vy and v, under each switching vector

Va Vb Ve
pnn Vd/2 -V4/2 -V4/2
ppn V4/2 V4/2 -V4/2
pPPP Va2 Va2 Va2
npp -V4/2 Vd/2 Vd/2
npn -V4/2 Va2 -V4/2
nnn -V4/2 -V4/2 -V4/2
nnp -V4/2 -V4/2 V4/2
pnn V42 -V4/2 -V4/2

Fig. 4.2 shows the common mode voltage vy. It indicates that the common mode

voltage changes V4/3 for every switching instant.

(V) : t(s)
(Va+Vb+Vc)/3
T
100.0 V./3
d
1
0.0
-100.0 T
-200.0 |

Fig. 4.2 Common mode voltage at motor side

Based on the common mode voltage at the motor side, an equivalent circuit was

proposed in [13] that maps the measured impedance of output cable and motor. Fig. 4.3
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shows the common mode equivalent circuit from the motor side. The noise source is
approximated as a pulse train the amplitude of which is Vg4/3. Although this circuit
provides some hints for the CM noise current, it lacks of details about CM noise
generation and distribution. First, the noise current imposed by the common mode
voltage at inverter side is neglected. Second, the noise source needs more analytically
rigorous model considering the switching instant and control scheme, which indicates
that more investigation should be done at inverter side. To avoid the interference from
the motor side, the following research will focus on the inverter side to get the insightful

analysis and modeling for the noise generated and propagated by the inverter itself.

L./3 RJ3
TS——AM-

3C

el

Fig. 4.3 Common mode equivalent circuit from motor side
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4.2 Inverter common mode model-based on PWM switching

The research on CM voltage and high frequency leakage current is far from complete
with regard to the noise source and noise propagation path determination from inverter
side. First, the high frequency leakage current flowing through parasitic capacitance
between the device and heatsink has to be taken in to account. Thus, from noise
propagation path point of view, this parasitic capacitance should be included. Second, the
noise source has to be thoroughly studied, considering the pulse width, switching instant

and control scheme.

Fig. 4.4 shows the inverter circuit with lumped parasitic capacitances. The inverter
circuit has distributed parasitic capacitances because the devices and components can be
thought of having a capacitance to ground from each node. C,, C, and C, are parasitic
capacitances between the midpoint of each phase leg and ground. C, is the parasitic
capacitance between dc positive bus or negative bus and ground plane. Trying to
calculate and include the effects of all these capacitances would be quite cumbersome,

hence, it is necessary to identify the dominant parasitic capacitance.

Two factors have to be considered during the dominant parasitic capacitance. One is
the size of the capacitance and the other is the magnitude variation of the voltage on that
capacitance. In inverter circuit, a large capacitance to ground is the capacitance between
device collector and heatsink. The device back plate which is connected to device
collector is attached to the heatsink through soft, heat-conducting material that provides
good thermal conduct. And also for safety reasons, this kind of soft, heat-conducting

material needs to be electrically isolated. Parasitic capacitances associated with the
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insulation material will be generated between device collector and the heatsink. If this
contact area is considered as a pair of parallel plates, the capacitance can be determined
by

C=¢Ald (4-2)

where A is the surface area of the device, and d is the thickness of the insulator.
Therefore, if the surface area of the device is 2 cm” and the thickness of the insulator is
0.03 cm, the parasitic capacitance will be 30 pF. There are totally six devices in three
phase inverter circuit, and each of them will have the same parasitic capacitance to
ground. But for the three top devices, even with fairly large capacitances between their
collectors to ground, since the voltage is near a constant of Vg./2, there is a little effect
on the common-mode EMI spectrum. Similarly for the negative dc bus or the emitter of
the lower devices, the voltage is nearly constant, and its common mode EMI effect can be
neglected. Hence, the dominant capacitance is the parasitic capacitance between the
bottom device collectors and the heatsink. In other words, these are the capacitances

between the midpoints of phase legs and the earth ground.
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Fig. 4.4 Inverter Circuit with parasitic capacitance

In order to reduce complexity of the above circuit, a simplified model to predict CM
EMI in switching frequency and its harmonics range is shown in Fig. 4.5. The parasitic
inductance of device and DC bus, the parasitic capacitance C, that is imposed by little
voltage variation are all neglected. Only the dominant component of CM noise
propagation path C,, C; and C. is included The noise source is determined as switching
voltage, and S,, S, and S, are 1 when the top device is on and -1 when the bottom device

is on.

Fig. 4.5 Simplified CM model of inverter
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If the parasitic capacitance between the midpoint of each phase leg and ground plane
are identical, C,=Cy=C,, the simplified model can be reorganized to the circuit shown in
Fig. 4.6. In this circuit, Cpara=C,=C,=C.. The CM noise source model V, for the three

phase inverter is given in

Vn = Sanc + Sdec + Schc (4-3)

This common mode voltage source obtained from inverter side is three times of that
derived from motor side as given in (4-1). The common mode voltage received across

LISN is

Vo (f) =%{; (4-4)

where, V,(f) is the frequency domain expression of V,, and Z(f) is the transfer function of

the noise propagation path shown in Fig. 4.6

LAY
Cara 500
S a Vdc
< Rdc
S, b Vdc 5 Ogé

S

c

Vdc

Fig. 4.6 Derived CM model of inverter

After the equivalent circuit is derived, the next step is to identify the frequency
domain representation of the noise sources model, which is shown in the following

section.
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4.3 Common mode noise source model

The noise source model in (4-3) shows that it is a function of switching instant.
Therefore the duty cycle of phase leg output voltage should be considered when deriving
the noise source model. Unlike the duty cycle in the dc-dc converter, the duty cycle of
inverter varies as a result of sinusoidal modulation. Fig. 4.7 shows the duty cycle
waveform of the three phase inverter. It can be seen that the duty cycle varies from 0 to 1
during a fundamental line cycle. Although the switching waveform can still be
approximated as trapezoidal waveform, the impact of duty on trapezoidal spectra has to

be studied.

Fig. 4.7 Duty cycle waveform of the three phase inverter

4.3.1 Duty cycle effect on common mode source spectra

The frequency domain expression of trapezoidal waveform is given in
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L csiner?) sin(mt%)
trape™ T - it j/ , (4-5)
Ty

which is the same as that given in Chapter 2. The duty cycle D is equal to t/T.
Considering two trapezoidal waveforms with different duty cycles, 0.5>D,>D,, Fig. 4.8
shows the bounds of spectra of trapezoidal waveforms. It shows that the trapezoidal
waveform with large duty cycle has higher bounds around switching frequency and its
harmonics range than that with small duty cycle. While at high frequency ranges, the duty

cycle effect disappears.

2AD,

v

2AD,

l/nt,  1/mr,

Fig. 4.8 The bounds of spectra of trapezoidal waveform with different duty

Fig. 4.9 shows the calculated spectra of the trapezoidal waveform under different duty
cycles with the same frequency of 20kHz, and the effect of duty cycle for switching

frequency and its harmonics range is well illustrated.
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Fig. 4.9 Frequency spectra of trapezoidal waveform with different duty cycles
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The previous research [14] that regards the common mode noise source of three phase
inverter as a trapezoid waveform with fixed duty cycle is not rigorous enough to predict
common mode EMI noise in frequency domain. This is an area that needs to be explored

to achieve reasonable accuracy in the predicted result.

4.3.2 Common mode noise source model under different PWM schemes

The frequency and amplitude of the common mode noise source is critical for
common mode EMI modeling and prediction. As has been pointed out above, when the
voltage at the midpoint changes from +Vg4/2 to —Vg./2, the duty within each switching
period varies based on sinusoidal function. The frequency domain representation for this
voltage under a fundamental line cycle can be achieved by applying the double integral
Fourier form. The double integral Fourier form applied to voltage at the midpoint of each

phase leg is given in (4-6).

. 1 Ve (X —j
Com = B = [ Vet "W (e @)
72' N r

This equation can be considered as the common mode noise source model for each
phase leg. Here V. is the voltage across the dc bus, ay is switching frequency, wy is
fundamental frequency. The outer integral limit y., y, and inner integral limit x,, x, are
determined by the modulation scheme. Thus, it indicates that the modulation scheme has

impact on the frequency and amplitude of the common model noise source model.
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It has been demonstrated in Chapter 3 that the differential mode EMI noise source
model changes within the witching frequency and its harmonics range under different
modulation schemes, which leads to variance in DM EMI spectrum. Moreover, the
discontinuous PWM method shows even lower DM EMI noise envelop in high frequency
range than continuous PWM method as the result of less switching action. In this chapter,
the effect of different modulation scheme on CM noise source model plus CM EMI

spectrum will be investigated.

Two classes of modulation schemes, continuous PWM and discontinuous PWM
method, are studied. The chosen continuous PWM methods are the common SPWM and
center-aligned SVM. These are always switching actions occurring for each phase leg
during a switching cycle, which indicates the voltage at the midpoint of the phase leg
changes during each switching cycle. This causes the leakage current going through the
parasitic capacitance between the midpoint and ground phase during each switching
action. In discontinuous PWM method a phase has a period of at most one third of the
fundamental cycle during which the output voltage of this phase is clamped to either
positive dc bus rail or negative dc bus rail. Less switching action will lead to less leakage
current going through the parasitic capacitance, thus, reduce the CM noise. It is
interesting to quantify the improvement on DPWM method compared to SPWM and
center-aligned SVM method. In this chapter, three PWM methods, SPWM, SVM and
DPWM, will be discussed. It is noted that there are other DPWM schemes; however the
result can be extended to other DPWM methods although only one of DPWM methods is

discussed here.
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A. SPWM

In the conventional SPWM method, the duty cycle function of the top switch of three
phases can be represented in (4-7). The differences among three phases are 120° phase

shifts.

dy(enn) =3 (14 M cos(eyn)

dp(ept) = %(1 + M cos(ayt — 2?7[)) 4-7)

d.(wpt) = %(1 + M cos(ayt — 4?ﬂ))

The noise source model under SPWM method can be obtained from double integral
Fourier form applied to voltage at the midpoint of each leg, and the noise source model
for phase A is shown in (4-8).

7 (1+M cos(ay1))

1 (27—
Cavmn = P J.O J.Zﬁ
2 —E(1+M cos(wyt))

Vdcffj(mwsﬁnwo[)d(a)sZ)d(a)ot)

- . (4-8)
27 m
T .7 . . T
N Y R I VI R VTP

272%m 0

The close form solution of (4-9) can be obtained by applying Jacobi-Anger expansion

[74] of t/(acostey) ywhich is

S i(acos(@gr)) :Jo(a)+2§jthk(a)cos(ky) (4-9)
k=1

Substituting (4-9) into (4-8), the noise source model of phase A can be changed and

simplified to
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Covmn = Vgc j;ﬂf ]("wot)(sm(m )Jo(m2M)+ZZsm((m+k) =) (m— M)cos(kwot))d(a)ot) (4'10)
T m k=1

Applying the same principle, the noise source model of phase B and phase C can be

derived and simplified to (4-11), (4-12).

2z 7(1+Mcos(a) t-271/3))
vamn = 2 _[ J. 0

Vot~ mestnod) g g nd(wgt)
(1+Mcos(a)0t 27/3)) ’ 0 (4_1 1)

- ng JO 77700 (sin(m Z o= M)+2Zsm((m+k) W (m= M)cos(k(a)ot——)))d(a)ot)

T m k=1

o 7(1+M cos(wyt—47/3)) — j(mogt+nwyt)
- Pl OSER 4 0 3 )
evmn 272 '[ j (1+M cos(wyt—4r /3)) ¢ ' (4-12)

Vd‘ jz”ﬁ J1000) (sin(m ~ )Jo(sz)+ZZsm((m+k) Dk M)cos(k(wot——)))d(wot)
k=1

The sum of the noise source models of each phase is given in (4-13)

S Cromn (4-13)

k=a,b,c

Comn =

Substituting (4-10), (4-11) and (4-12) into (4-13) gives

Copy = Vdc j 27 1000 (3 i (o © )Jo(m ) M)+2Zsm((m+k) )y (m% M)Ak X (1) (4-14)
k=1
, where
4 4r
Ay, = cos(kawgt) + cos(k(wyt — T)) + cos(k(wpt — T)) (4-15)

The solution of (4-15) is given in (4-16)

gy = 3cos(kawyt), k=3p,1< p< oo (4-16)
0,k#3p,1<p<o

Therefore, (4-14) can be simplified to
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oy = Lle Iozﬁf_j("wot)(3sin(m%)J0(m§M) +6 i sin((m+3 p)gm , (m%M)cos(3 pap!))d (agt) (4-17)

2
p=1

T m
It is indicated that only when In|=3p, the second term of (4-17) will not be zero. Hence,

the common mode noise source model under SPWM can be derived as

Comn = 6:;0 sin((m +n)%)]n (m%M), n=3p,—0< p<oo (4-18)

It can be seen from (4-18) that the common model noise source model of three phase
inverter under SPWM control scheme is the function of the DC bus voltage, modulation
index and the multiples of carrier frequency and the triple multiples of fundamental
frequency. If the sideband effect is not taken into account, which means that n=0, (4-18)

can be simplified to

Como = 24 sin(m Z)J0(m ™= M) (4-19)
m 2 2
, which gives non-zero solution only when m is odd number. This is different from the

discussion for DM noise source model as shown in Chapter 3, which gives non-zero

solution only when m is even number.

Both (4-18) and (4-19) shows modulation index M as the parameter of the Bessel
function, hence, the variation of M will cause the changes of amplitude of CM mode EMI
source model plus CM EMI spectrum. It is interesting to investigate the trend of the

amplitude of CM noise source model following the change of modulation index.

Fig. 4.10 illustrates the CM noise source model for all three phases under SPWM

method at switching frequency (20 kHz) and its harmonics range. Note that the side band
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effect is considered. The modulation index varies from 0.1 to 0.75. When M is 0.1 the
peaks mainly occur at switching frequency 20kHz, and its odd harmonics, as the
modulation index increases, the sideband effect appears around the even harmonics of
switching frequency. The amplitude at switching frequency is highest when M is 0.1.
And it drops as the modulation index increases. There is about 5dB difference between
the amplitude under 0.1 and that under 0.75. Besides, the noise source envelop within 1
MHz range is highest when M is 0.1 and it drops about 5 dB as the modulation index

increases to 0.75.
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Fig. 4.10 CM noise source model under SPWM with different modulation index

B. SVM

Another continuous PWM scheme discussed here is the center-aligned SVM method
that was obtained by averaging the duty cycle over two consecutive switching states. Its
effect on DM noise source model and DM EMI spectrum was presented the previous

chapter. For the derivation of frequency domain expression of CM noise source model,
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the same technique can be applied. (4-6) is still the fundamental principle to apply except
that the inner integral limit and the outer integral limit have to be selected properly based
on SVM scheme. As was presented the above, the out integral limit is determine by
sector region and the inner integral limit is determined by the duty cycle function of top
switch of each phase leg in each sector region. The phase-a top switch duty cycle
function is described in (4-20). The duty cycle functions of phase b and phase C are 27t/3

and 47/3 phase shift of that of phase a respectively, which are given in (4-21).

1 T V4
—(1+ M cos(wgt ——)) if 0< wpgt <—
2( (@ 6))lf 0f <3

%(1+\/§M cos( wyt)) if %< a)ot<2T”
(4-20)

l(1+Mcos(a)01‘+£)) if 2—”< oot <7

d,(wgt) = 2 6 3

a\?0

%(1+Mcos(a)0t—%)) if 7r<wot<4?”

%(1 +~3M cos( wgt)) if 4% < oot < %T

%(1+Mcos(w0t+%)) if 57”< wot < 27

2
d =d -
p(@pt) =d 4 (wpt 3 ) (@-21)

ar
dc(wof)Zda(a’of—T)

The noise source model for each sector under SVM method can be obtained from
double integral Fourier form applied to midpoint voltage of phase leg. For instance, (4-
22) shows double integral Fourier form applied to midpoint voltage of phase A in sector I
by substituting the outer integral with the boundary of the sector region and the inner

integral limit with the duty cycle function.
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mn[ _ 2J~ ."7(1+M COS((UOZ )) V f ](ma)St+na)0t)d(a)st)d(a)0t)
2 (1+M cos( a)ot——)) (4-22)

Jm (4 M cos(ot="0) = j(m” (14 M cos(wgt="))

jz/ Jnaot -y 6" )d (wyt)
27z m

The noise source model for a fundamental cycle can be given by adding the noise
source model under each sector together as shown in (4-23) and (4-24) shows noise

source model for phase A for a fundamental cycle.

Vi
mn = Zcmnk (4-23)

Camn = D j J‘i(HM cos(nt= )) Vil ](mw5t+nw0l)d(w t)d (exyt)
2z (1+M cos(a)ot——))

2 J' J_ (1+\/7M cos(awyt)) v Cé—j(mwSt'*'nth)d(a)st)d(th)

(1+f 3M cos(wqt))
—(1+Mcos(a)0t+ ) i(magt+nagt)
el ST d (e t)d (apt) +

2;;2'[ J-—(1+Mcos(a)0t+ﬂ)) “
J~ I (1+Mcos(a)0t ))
(1+M cos(a)ot——))

2 V f J(ma)St+na)0t)d(a) t)d(a)ot)+

J~5” ﬂ(1+chos(w0t))
47[ (1+chos(a)0t))

: J‘zﬂj.f(lJrMcos(a)oH )) ol j(ma)s””‘(’ot)d(a) 1)d (at)
27 —*(1+McoS(a’0t+ )) =

V cg—j(mwst+ﬂa)ot)d(a)st)d(a)()t) +

The sum of the noise source model can be calculated as (4-13) and be simplified

to
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Although (4-25) can not be simplified as elegant as (4-18) under SPWM method, it can
be seen that the common model noise source model of three phase inverter under SVM
control scheme is the function of the DC bus voltage, modulation index and the multiples

of carrier frequency and the triple multiples of fundamental frequency.

Fig. 4.11 illustrates the CM noise source model for all three phases under SVM
method at switching frequency (20 kHz) and its harmonics range with the consideration
of sideband effect. The modulation index varies from 0.1 to 0.75. When M is 0.1 the
peaks mainly occur at switching frequency 20kHz, and its odd harmonics, as the
modulation index increases, the sideband effect appears around the even harmonics of
switching frequency. The amplitude at switching frequency is highest when M is 0.1 and
it drops about 5 dB as the modulation index increases to 0.75. Besides, the noise source
envelop within 1 MHz range is highest when M is 0.1 and as the modulation index
increases, there is about 5dB difference between the amplitude under 0.1 and that under

0.75.
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Fig. 4.11 CM noise source model under SVM with different modulation index

C. DPWM

The DPWM scheme was found on the principle that discontinuous modulation waves
was developed using a discontinuous type of zero-sequence signal. Since during each
carrier cycle one phase ceases modulation, the associated phase is clamped to the positive
or negative dc rail, the total number of switching action for a fundamental cycle is
reduced. This leads to less switching losses and lower DM EMI spectrum as presented in
Chapter 3. However, its impact on CM EMI spectrum has not been explored before. It is
interesting to investigate and quantify its impact on CM mode EMI spectrum. Although
there are several different DPWM scheme, only DPWM method is chosen for study. The

duty cycle function of three phase leg under this method is described by (4-26).

117



1;’f'0<a)0t<§
2z

V4 4
M cos(wpt ——) if —<apt <—
(@ 6) if 3 @<

1+Mcos(a)ot+£) if 2—”<w0t<7r
_ 6 3

da(wot)— .
0 if;r<a>oz<T

V4 4z kY4
M cos(wpgt ——) if — <wyt <—
(@0 6) if 3 S <

1+M COS(a)Ot+%) if 5?” <agt<2m

1—Mcos(a)ot—%) if 0<a)01<%
V4 2r
0 if —<amgt<—
F3smr<s
. 27
1 - M sin(wyt) if ?<a)0t<7z
d.(wpt) =

. 4
7Mcos(w0t7%) if 7z<a10t<7”

4r S
1if —<ogt<—
if 3 @<

— M sin(wyt) if 57” <yt <21

dp(wpt) =

1+Mcos(a)0t7%r) if0<a)0t<§
. LT 2
M sin(wyt) if —<agt <—
3 3
1if 2?”<wot<7r
Mcos(wot—s?”) ifﬂ'<wot<4?ﬂ-
S

ar
0 if —<wpt<—
ety

B B
1+Mcos(a)0t7?”) if ?ﬂ<w0t<27z

(4-26)

The noise source model under DPWM method can be obtained from double integral

Fourier form applied to voltage at midpoint of each phase leg, which is a function of the

duty cycle and sector region. Substituting the outer integral and inner integral in (4-6)

with duty cycle function and sector region given in (4-26) derives the double integral

Fourier form for each sector region. Adding the noise source model under each sector

together gives the noise source model under a fundamental cycle, which is expressed in

(4-27) for phase A.
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By solving the inner integral, (4-27) can be simplified to

2z n . T
J(ma(M cos(wyt——))) —j(mm(M cos(wyt——)))
Camn = jz gt (g R’ 6 ()

3

Jma(+Mcos(opt+2))  — j(ma(1+M cos(wyt+2)))
+7J ety Ty U6 N (wpt) + (4-28)
272

57 ; r ; 7
1 2. J(mm(M cos(wyt——))) —j(mm(M cos(wyt——)))
27214%4 et (g 67—y 6" (o) +
Y/ Amigias
3

T . T
'[2”67]"@0[ Jmr(1+M cos(a)ot+g))) ~ g—j(ml[(l+M cos(a)ot+g))) )d(a)ot)

The noise source model under DPWM can be calculated by adding Cgpp, Chmn and
Cemn together. Fig. 4.12 illustrates the CM noise source model for all three phases under
DSPWM method at switching frequency (20 kHz) and its harmonics range and the
sideband impact is taken into account. It shows different trend at switching frequency
from continuous PWM method as modulation index changes. The modulation index
varies from 0.1 to 0.75. The sideband effect appears without regard to modulation index.
When M is 0.75 the amplitude at switching frequency 20k Hz is highest. And it drops as
the modulation index decreases. There is about 10dB difference between the amplitude
under 0.75 and that under 0.1. Up to higher frequency with 1 MHz range, the noise
source envelop shows the same trend as continuous PWM schemes. It is highest when M

is 0.1 and it drops about 10 dB as the modulation index increases to 0.75.
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Fig. 4.12 CM noise source model under DPWM with different modulation index

4.4 High frequency CM mode noise model for inverter-based on

parasitic resonance

The above present noise propagation path model neglect the parasitics inductance
from inverter board and parasitic capacitance and inductance from the device. This
method is suitable for a quick EMI analysis and prediction without knowing too much
detail circuit parasitics is good to predict inverter CM EMI up to MHz range. The
limitation of this method is that it lacks of the accuracy up to tens of MHz range where
the resonance between inverter board parasitics and devices parasitics dominate. If the
aim is to obtain reasonable accuracy up to tens of MHz range, the critical parasitic of
inverter layout such as dc bus parasitic capacitance, device parasitic inductance and

output capacitance has be to included in the model.
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A method is verified for the resonant peak prediction in CM EMI spectrum of single
phase chopper in Chapter 2, and we attempt to extend this methodology to three phase
operation. This principle of this method is to calculate the noise voltage across the
parasitic capacitance between the device and ground around the resonant frequency from
the high frequency equivalent circuit, then add it to the noise voltage source for switching
frequency and its harmonics given in (4-3). Hence, the first step is to derive the high
frequency equivalent circuit and calculate the noise voltage across the parasitc

capacitance around resonant frequency.

Fig. 4.13 shows a high frequency equivalent circuit for CM EMI modeling for three-
phase inverter, which is for the prediction of parasitic resonance in EMI spectrum. This
model consists of parasitic values extracted in Chapter 3, which are device lead
inductance Ljgpr, dc bus parasitic inductance Ly, Lp and Lc and dc bus capacitor
inductance and resistance. C,,, is device output parasitic capacitance as the combination
of the output capacitance of IGBT and the junction capacitance of the anti-parallel diode.
R is device on resistance plus AC resistance of the circuit which acts as damping factor
for the resonance. Because there must be two cases, either top device on and bottom
device off or top device off and bottom device on, in the phase leg of inverter operation,
the phase leg can be model as L;gpr in series with R for on device and L;gpr in series with
Cou for off device. The noise source is a step voltage with finite rising time, which

represents turn-on and turn-off transition.
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Fig. 4.13 High frequency model for CM EMI modeling

As pointed out in the previous analysis, the critical part of CM EMI modeling and
prediction is the voltage across the parasitic capacitance between the device and ground.
Each voltage source in Fig. 4.13 will impose voltage on C,, Cj and C, respectively during
switching transition. For instance, Fig. 4.14 shows the equivalent circuit of three phase
inverter during switching transition of phase A. The voltage source for phase B and phase
C can be regarded as short circuit because only one phase is switching during switching
transition for three phase operation. The sum of the voltage across the parasitic

capacitance between device and ground is given by

V.=V, + Vv, (4-29)
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Fig. 4.14 Equivalent circuit during switching transition of phase A

The transfer function between V, and V,, can be obtained by solving the equivalent
circuit show in Fig. 4.14. Equally, the transfer function between V, and Vg, V. and V. can
be calculated using the equivalent circuits during switching transition of phase B and

phase C. These transfer function are defined by

_ () Zb—M 7z =) (4-30)
¢ Vsa(f)’ Vb (f) e Ve (S)

Fig. 4.15 shows the plot of the voltage transfer functions from the step voltage source of
each phase to v,. The parameters in the circuit are L;;37=20.04 nH, C,,~0.6 nF, C;=620
uF, L;=100 nH and R;~=15 mQ. It can be seen that the amplitude and resonant frequency
of the first resonant points are identical for the transfer function of each phase. This
resonant frequency is the same as that calculated in Chapter 3 as a result of the resonance

between the loop inductance and the parasitic output capacitance of the IGBT. This also
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indicates the interaction between the differential mode noise and common mode noise.

To simplify the further analysis, it is assumed that Z,=Z,=Z..
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Fig. 4.15 The voltage transfer function of each phase

The frequency expression of the step of the voltage source in given in (4-31)

R

2 2
s, s°T,

Vs =Vsa =Vsb =Vse =Vac( e (4-31)
where 7, is the rising time of the voltage step. Thus, v, can be calculated using (4-30).
However, the result will be in the form of Laplace transform that is non-periodic
transform. To transfer this result to Fourier series that is periodic transform, the switching
period must be taken into account. Fig. 4.16 shows the switching function of inverter
during a switching period with different PWM schemes. It is shown that there are 6
switching transitions for SVM or SPWM, while there are 4 switching transitions for

DSPWM.
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Fig. 4.16 Switching function under different scheme

Therefore, the Fourier series of noise source v, can be obtained for different PWM

operation respectively. (4-32) shows that for SVM or SPWM operation and (4-33) for

DSPWM operation. Note that 2 accounts for the rms value of spectrum analyzer.

1 1

(ol (o',

v (jo)= ZSE(]J,C/O;

Z, =32V, T( Uz, (432)

. Vi(jo) 1 1 —(jo)t
v (_](0) =3 Z, = ZN/EV T( — e J r )Z 4-33
' Var/4 ¢ ot (ot o

The CM EMI spectrum in wide frequency range thus can be calculated using (4-34)

V() + 7,27 434

ch(f): Z(f)

where, Vn(f) is the noise voltage source in (4-3) and Z(f) is the transfer function of noise

propagation path shown in Fig. 4.6.
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4.5 Experimental Verification

To validate the proposed modeling and calculation method, the high frequency noise
produced by the inverter has to be measured. Fig. 4.17 shows the test setup for the CM
EMI. A set of LISNs are placed between the battery source and the inverter under test.
The LISN provides 50-ohm impedance matching for entire high frequency range. The
output of the LISN can be connected to oscilloscope or spectrum analyzer to obtain the
spectrum. A two way 0-degree power combiner manufactured by Mini-Circuits is used to
extract the CM noise. The different PWM schemes are programmed and the signals are
sent out by a digital signal processor (DSP) — ADMC 401™. To isolate the noise from
the load side and completely concentrate the noise generated from the inverter side, the
inverter will operate under no load condition. The switching frequency is 20 kHz, the

fundamental frequency is 200 Hz and the dc bus voltage is 200 V.

Oscilloscope/
Spectrum Analyzer

CM
Combiner ADMC401
LISN > O d
N\ L
Inverter Under
‘ r Test
LISN
ANN\N

Fig. 4.17 inverter CM EMI test setup
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The first part is to verify the impact of different PWM schemes and modulation index
on the EMI spectrum in the switching frequency and its harmonics range. The CM EMI
spectrum of inverter in the switching frequency and its harmonics range can be calculated
using (4-3) based on the source and path models derived in sections 4.3.2. Note that the
total LISN impedance should be taken into account because it is not exactly 50Q2 at
switching frequency and related harmonics. The modulation index varies from 0.1 to
0.75. Fig. 4.18 shows the calculated results under SPWM scheme with different
modulation index, which are compared with experimental results in Fig. 4.19. The
calculated results match using the frequency domain method matches the experimental
result very precisely. The impact of modulation index on EMI spectrum is also shown
which further verifies the noise source model. The amplitude at switching frequency is
highest when M is 0.1. And it drops as the modulation index increases. There is about 5
dB difference between the amplitude under 0.1 and that under 0.75. Besides, the noise
source envelop within 1 MHz range is highest when M is 0.1 and it drops about 8 dB as
the modulation index increases to 0.75. Note that there are differences at the second
harmonics of switching frequency between calculated result and experimental result
when modulation index is low, this is due to the background noise in the measurement

that are neglected in the calculation.
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Fig. 4.19 Experimental CM EMI results under SPWM

Fig. 4.20 shows the calculated results and Fig. 4.21 shows the experimental result
under SVM scheme with different modulation index. The impact of modulation index on
EMI spectrum is also shown in experimental result and the calculated results match using
matches the experimental result very precisely. The results show the same distinction of
the EMI spectrum as those under SPWM scheme. The amplitude at switching frequency
is highest when M is 0.1. And it drops as the modulation index increases. There is about 5
dB difference between the amplitude under 0.1 and that under 0.75. Besides, the noise
source envelop within 1 MHz range is highest when M is 0.1 and it drops about 5 dB as

the modulation index increases to 0.75.
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Fig. 4.21 Experimental CM EMI results under SVM

The calculated results of EMI spectrum under DPWM scheme are shown in Fig. 4.22
and the experimental result is shown in Fig. 4.23. In contrast to the results under

continuous PWM scheme, it shows different trend as modulation index changes. When M
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is 0.75 the amplitude at switching frequency 20k Hz is highest. And it drops as the
modulation index decreases. This is opposite to the result under SPWM and SVM scheme
and there is about 10dB difference between the amplitude under 0.75 and that under 0.1.
However, up to higher frequency with 1 MHz range, the noise source envelop shows the
same trend as continuous PWM schemes. It is highest when M is 0.1 and it drops about 3

dB as the modulation index increases to 0.75.
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Fig. 4.22 Calculated EMI spectrum under DPWM
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Fig. 4.23 Experimental EMI spectrum under DPWM

The next part is to verify the prediction in the high frequency range up to tens of
MHz. The CM EMI spectrum of inverter can be calculated using (4-34) with the
consideration of effect of parasitics resonance. The extracted circuit parameter is given in
Chapter 3. The finite voltage rise time is 50 ns. Fig.4.24, Fig. 4.25 and Fig. 4.26 shows
the calculated and experiment results of CM EMI spectrum under different modulation
schemes. In high frequency range, the resonant point matches well between the calculated
and the experimental results, which indicates that the resonant points of the noise
propagation path determine the location of the peak of the CM EMI spectrum. DPWM
gives the lowest noise peak around 11 MHz, which is about 4 dB less than that under
continuous PWM scheme. This is due to less switching action of DPWM scheme. SVM

gives the highest noise envelop in the frequency range from 200 kHz to 3 MHz. Fig. 4. 25
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and Fig. 4.26 also shows the differences between calculated results and experimental
results in the frequency range from 1 MHz to 6 MHz. The differences are caused by the
background noise from the gate drive and auxiliary power supply. Fig. 4.27 shows the
CM background noise and it can be seen that the noise level is around 70 dBuV from 1
MHz to 6 MHz, which is higher than the calculated results. In other words, under DPWM
schemes, gate drive and auxiliary power supply cause more CM noise than inverter itself

in the frequency range from 1 MHz to 6 MHz.
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Fig. 4.24 EMI Spectrum comparison in high frequency range under SVM (a) Calculated

result (b) Experimental result
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Fig. 4.27 CM background noise

Fig. 4.28 shows the phase voltage waveform in a switching period. It shows the high

frequency ringing caused by the switching of other phases.
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Fig. 4.28 Parasitic ringing in the phase voltage

Fig. 4.29 shows the phase voltage waveform during the switching transition. The high

frequency ringing can be seen during turn-on and turn-off. This ringing frequency

matches the resonant frequency in the CM EMI spectrum. This explains that the

parasitics ringing of the phase voltage is a major noise source of CM noise in high

frequency.
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Fig. 4.29 Phase voltage waveform during switching transition (a) turn-off (b) turn-on

4.6 Summary

A frequency domain approach to prediction of CM conducted EMI from three-phase
inverter has been presented. Unlike the conventional method, this approach focuses on
the inverter side for the identification of noise source and parasitic parameters of the
inverter components to predict the CM EMI currents produced in an inverter circuit. A
simplified CM circuit model is proposed and the noise source model is analytically
derived. It can predict the CM EMI in switching frequency and its harmonics range. High
frequency equivalent circuit model is derived with extracted parasitic parameters of the
inverter circuit to predict the noise peak caused by the resonance of parasitic components.
With accurate noise source and path models, the proposed “frequency-domain analysis”
method effectively predicts the CM EMI performance not only in switching frequency

and its harmonics range but also in high frequency range.
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The effect of different modulation schemes on CM EMI spectrum are evaluated
through frequency domain method analytically. Different modulation schemes lead to
different noise sources, which are represented in frequency domain respectively. The
calculated results have been verified through experiments. The EMI performance,
however, is highly affected by the modulation scheme both in the switching frequency
related harmonic frequencies and in the noise path related resonant frequencies. In high
frequency range, DPWM gives lowest noise envelop due to less switching action.

The impact of modulation index on CM EMI spectrum with different modulation
schemes also evaluated analytically through frequency domain methods. Major impact
occurs at the switching frequency and its harmonics range. For Continuous PWM
scheme, the lower the modulation index, the higher the noise amplitude at the switching
frequency. For DPWM scheme, the higher the modulation index, the higher the noise

amplitude at the switching frequency.
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Chapter 5 Conclusion and Future work

With the increasing application of power inverter based motor drives in specialty
areas where EMC requirements are more stringent than the traditional industrial drive
environment, the research of EMI modeling, simulation and prediction for three phase
inverter has become imminent. The dissertation proposes the frequency domain method

to analyze and model both DM and CM EMIs from a three phase inverter.

5.1 Conclusion

A part of phase leg in the inverter circuit, single phase chopper was first studied as
the starting point for the investigation of EMI modeling and prediction. The conventional
model fails to predict DM EMI at high frequencies due to the absence of parasitic
components. A new high frequency equivalent model for DM EMI of the chopper circuit
is proposed for more accurate prediction. The noise source is the device switching current
that is in trapezoidal shape, while the noise propagation path includes the dc capacitor
parasitics, dc bus parasitics inductance, device lead inductance and device output
capacitance. Based on the equivalent circuit, the closed-form of noise source and noise
path can be derived. The calculated DM noise closely matches the measured noise level

up to 30 MHz.

The conventional model only considers the trapezoidal waveform as the CM noise
source and neglects the voltage ringing as additional important noise source in high
frequency range, which results in the inaccuracy of the prediction in high frequency

range. The propose CM noise source model consists two parts, one is trapezoidal voltage

139



waveform, the other is the voltage ringing caused by either switching current or switching
voltage. The frequency domain equivalent circuit for CM modeling is derived and the
closed forms of this noise source expression in frequency domain are presented. The

experimental CM EMI spectrum agrees well with the predicted result.

The noise source and noise propagation path can be altered by changing switching
speed or adding high frequency capacitor across the dc bus. The switching speed
variation achieved by different gate resistance value will have effect on EMI in high
frequency range. The large the gate resistance is, the lower the EMI spectrum. However,
slower switching speed will lead to more switching loss of the converter. Therefore there
should be a tradeoff between converter efficiency and EMI performance when designing
the converter at system level. Adding high frequency capacitor will not only add
additional path of DM noise propagation but also change the CM noise source in high
frequency region by suppressing voltage spike during switching transient, thus producing
different spectrum for both CM EMI noise and DM EMI noise. Its impact was clearly

demonstrated through frequency domain analysis and hardware experiments.

After matching the predicted DM, CM and total noise level from frequency domain
analysis closely with the hardware measurement for the single phase circuit, the
dissertation extended the same method to three phase inverter circuits. A frequency
domain approach to predicting DM conducted EMI from three-phase inverter was
presented. The complexity of PWM pattern of three phase inverter has been taken into

account. This approach determines the noise source based on inverter operation and
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PWM scheme and identifies the noise path on extraction of parasitic parameters of the
inverter components. The analytical expression of DM noise source model was derived
based on double Fourier technique. Methodologies for extraction of parasitic parameters
of the inverter circuit are developed using finite element analysis. Based on the proposed
high frequency equivalent of DM, the proposed method can predict EMI spectrum not

only at switching frequency and its harmonics range, but also at high frequency range.

The effects of three different modulation schemes on DM EMI spectrum are
analytically evaluated through frequency domain method and verified through
experiment. Different modulation schemes lead to different noise sources, which are
derived using double Fourier integral technique in frequency domain respectively.
However the noise path is generic and its associated resonant frequency is the same
regardless of the modulation scheme. The modulation schemes affect the EMI
performance both in the switching frequency related harmonic frequencies and in the
noise path related resonant frequencies. In high frequencies, the center-aligned SVM
gives the highest noise envelop and DPWM gives lowest noise envelop. The DPWM has
a significant portion running with zero duty, and thus overall producing lowest noise
source in frequency domain including in high frequency regions where the EMI
performance is mainly dominated by the noise path related impedance. The SVM,
though, produces lowest peak EMI amplitude at the switching frequency, with more than

10 dB reduction over the other two methods.
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The frequency domain approach to predicting CM conducted EMI from three-phase
inverter was proposed. The proposed approach focuses on the inverter side instead of ac
load side to identify the CM noise source and parasitic parameters of the inverter
components in order to predict the CM EMI currents. A simplified CM circuit model of
CM EMI in switching frequency and its harmonics range is proposed first and the noise
source models under different modulation schemes are analytically derived through
double Fourier integral technique. To predict the CM EMI up to tens of Mega Hz range,
additional CM noise source caused by voltage ringing is identified. A CM high frequency
equivalent circuit model is derived with extracted parasitic parameters of the inverter
circuit to predict the noise peak caused by the resonance of parasitic components.
Compared with experimental results, the proposed “frequency-domain analysis” method
effectively predicts the CM EMI performance not only in switching frequency and its

harmonics range but also in the high frequency range.

The modulation schemes also affect the CM EMI both in the switching frequency
related harmonic frequencies and in the noise path related resonant frequencies due to the
different noise source in frequency domain. In high frequency range, discontinuous
PWM gives lowest noise envelop due to less switching action. The impact of modulation
index on CM EMI spectrum with different modulation schemes also evaluated
analytically through frequency domain methods. The impact mainly occurs in the
switching frequency and its harmonics range up to MHz range. For Continuous PWM
scheme, the lower the modulation index, the higher the noise amplitude at switching

frequency. For DPWM scheme, the higher the modulation index, the higher the noise
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amplitude at switching frequency. Up to High frequency range, continuous and
discontinuous PWM scheme show the same trend. The CM EMI spectrum becomes

lower as modulation index increases. The experimental results verify these phenomenons.

5.2 Summary of research contributions

This dissertation is dedicated to the development of frequency domain analysis of
EMI modeling and prediction for a three phase inverter circuit. The research starts the
CM and DM EMI analysis from a part of inverter phase leg, which is a single phase
chopper circuits, then extends the results to three phase inverter with complex PWM
pattern.

The major research contributions associated with this dissertation are listed below.

e A DM high frequency model for single phase chopper is proposed. This
model takes account the device parasitics and dc bus parasitics The DM noise
source model and noise path model are derived in closed form.

e A CM high frequency model for single phase chopper is proposed. This noise
source model not only includes switching characteristic dv/dt, but also voltage
parasitic ringing. The noise path model includes the parasitic capacitance
device parasitics and dc bus parasitics. The CM noise source model and noise
path model are derived in closed form.

e The CM and DM equivalent circuits for three phase inverter are proposed with
the consideration of complex PWM pattern. Analytical CM source model and

DM source model have been presented using double Fourier technique.
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e The effect of modulation schemes on DM and CM EMI for a three phase
inverter is analytically evaluated through frequency domain analysis and
verified through experiment.

e Based on frequency domain analysis, the impact of modulation indexes on
CM EMI for a three phase inverter is evaluated and verified through
experiment.

e The insight analysis is provided for the effect of high frequency capacitor on

DM and CM EMI.

5.3 Future work

Developing an effective methodology of EMI modeling and prediction not only
provides the insight for EMI generation and distribution, but also help optimize the
converter design at the design stage. Although it is verified that the predicted result based
on the proposed frequency domain method fairly matches the hardware measurement, a
lot of works remain necessary for further research. The conducted EMI noise prediction
needs to expand from single converter to multi-converter system which includes the dc/ac
inverter and dc/dc converter. It is interesting to investigate coupling effect of the noise
source and noise path between different converter stages through frequency domain
analysis. Also the effect on different grounding schemes on multi-converter system needs
to be studied. In addition, since the frequency domain analysis represent the noise source
and path models in closed forms, they can be easily integrated into system optimization
design softwares to achieve an optimized EMI and thermal design for the converter

system.
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