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ABSTRACT

This research focuses on electromagnetic interference (EMI) / electromagnetic
compatibility (EMC) design and analysis in power electronics systems. To limit the EMI
under the standards, different methods and strategies are investigated. Parasitic parameters
of high frequency (HF) transformer are analyzed using a novel analytical method, finite
element method (FEM), and experimental measurements for different structures and
windings arrangements. Also, the magnetic field, electric field, electric displacement, and
electric potential distribution are simulated and analyzed. Moreover, a high voltage system
is considered and analyzed to improve the EMC. The EMI propagation paths are analyzed.
The EMI noise level of the system is obtained and compared to the IEC61800-3 standard.
To improve the EMC, the parasitic parameters of the transformer, as the main path of EMI
circulation, are analyzed and optimized to block the propagation. Furthermore, the
geometry structure of the HF transformer is optimized to lower the parasitics in the system.
Three pareto-optimal techniques are investigated for the optimization. The models and
results are verified by 3D-FEM and experimental results for several given scenarios.
Furthermore, the EMC modeling and conducted EMI analysis are developed for a system
including an AC-DC-DC power supply (rectifier and dual active bridge (DAB) converter).
Moreover, the common mode (CM) EMI noise propagation through the system is discussed
and the noise sources and effect of components on the noise are analyzed. Additionally,
the CM impedance of different parts of the system and the noise levels are discussed.

Finally, EMI attenuation techniques were applied to the system.
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1. INTRODUCTION

Performance, efficiency, power density, and commercialization of power
electronics converters are highly dependent on the EMI noise level in the systems. Based
on the national and international standards and regulations, the EMI noise in the power
electronics systems should meet certain level of limitations to pass the standard procedure
and perform properly in the electric systems.

The traditional way of EMI mitigation in power electronics converters is using EMI
filters between the supply and the converter. However, using the EMI filters not only
reduce the efficiency and power density, but also can add stability complexity to the control
units of the converters. As the efficiency and power density of the power electronics are
attracting more attention from the industry and academia, finding new and optimized
solutions for meeting the standard regulations and EMI mitigation in the systems are
necessary. Moreover, the market demand of the power electronics is increasing rapidly due
to transitioning to the green technologies and electric transportation. It is anticipated that
by 2030 the electric transportation will be less expensive than the fossil fuel transportation
and the number of sold vehicles will reach up to 30 percent of the whole vehicles in the
world [1]. From the electric system point of view, this rapid increase adds more complexity
to the systems. Therefore, the power electronics converters can affect the other systems
and/or affected by the other systems and interrupt the performance.

Advent of wide band gap switch technologies has led to more challenges in the EMI
noise level of the systems. Silicon carbide (SiC) and gallium nitride (GaN) switches are

becoming more common in power electronics converters. In spite of higher price compared
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to silicon MOSFET and IGBT switches, these types of switches show a promising future
[2]. The power density in the converters using wide band gaps enhance significantly.
Moreover, the switching loss and the overall efficiency of the system improve significantly
as well. Power density and higher efficiency is specifically important in power electronics
converters of the electric vehicles. As an example, in the on-board chargers (OBC) of the
electric vehicles, the power factor correction stage and the isolated DC-DC converter are
expected to show efficiency of 99 and 98 percent, respectively [3].

From the EMI point of view, the wide bang gap switches that are very fast compared
to the silicon MOSFETSs or IGBTs, add more challenges to the system. The rise time and
fall time of these switches can be 10 times faster than silicon switches and the dv/dt can
reach anywhere between 30-100 kV/us [4]. Hence, the EMI noise modeling, analyzing,
and mitigation techniques in the high frequency power converters are inevitable.

In this research, modeling and analyzing the parasitic parameters of the components
of the power electronics systems is considered as the first step in analyzing and mitigating
the EMI noise level. Among the components, high frequency transformers (HFTs) and
inductors create the main paths for EMI noise flowing and show design complexity, which
should be taken into account. Optimizing and improving the performance of the HF Ts, not
only increase the system efficiency, but also lead to lower EMI noise in the system.

In this research, parasitic parameters of HFTs are modeled and analyzed by
analytical modeling, FEM technique, and experimental results. Moreover, an optimal
design method for HFTs is proposed for limiting the parasitic parameters and adjusting
leakage inductance and parasitic capacitances. The proposed methods of calculating and

modeling the parasitic parameters of the HFTs and inductors, not only are applicable for



EMC purposes, but also applicable to design resonant converters. Furthermore, mentioned
models are used for EMC modeling of the power conversion systems and by using these
models, the EMI noise level was analyzed and attenuated. Additionally, different methods
of noise reduction techniques such as using EMI filters, balancing the noise sources, and
hybrid methods are analyzed and compared and the optimal method was proposed for
limiting the EMI noise under the IEC61800-3 standards.

This dissertation consists of three transaction/journal papers. In the first paper, HF
transformer parasitic parameters, such as leakage inductances and parasitic capacitances,
are analyzed using a novel analytical method, finite element method, and experimental
measurements for different structures and windings arrangements. Also, the magnetic field,
electric field, electric displacement field, and electric potential distribution within the
transformers are simulated and analyzed. Four different high frequency transformers with
E and U cores with different windings are designed and analyzed. Investigation outcomes
help to classify structures according to the trade-off between leakage inductances and series
parasitic capacitance. This information can later be used for the optimal selection and
design of transformers as a function of their operating frequency for any power rating and
voltage level. Moreover, 3D FEM and experimental results validate the proposed
methodology to be used for designing HF transformers in high voltage/power applications.
In this part, different structures of transformers with different winding arrangements are
designed, analyzed, simulated, and experimentally validated. The structures are designed
and selected based on the feasibility and popularity of manufacturing in industrial
applications for high power. Flux density, magnetic field, and electric fields distribution

are obtained. The leakage inductance and parasitic capacitances, which resulted from a
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novel analytical method, FEM, and experimental are investigated and compared to each
other.

In the second paper, an electric system is analyzed and the EMI propagation routes
are investigated. In addition, the EMI noise level of the system is shown. For improving
the EMC and reducing the EMI noise level under IEC61800-3 limits, transformer parasitic
parameters are modeled to be optimized and block the EMI circulation. Transformer
parasitics provide the main path for CM EMI circulation. Novel analytical and FEM
methods are proposed for both leakage inductance and parasitic capacitance. Additionally,
different pareto-optimal techniques are implemented into the defined cost function for
achieving the best combination of parasitic parameters. FEM analysis and experimental
results are used to verify the model. The winding arrangement and structure for FEM and
experimental verifications are chosen due to the previous research in the first paper, which
proved that this structure is the best, both in terms of leakage inductance and parasitic
capacitance for some applications. At the end, it is shown that, after optimization, the CM
EMI noise level of the system is decreased significantly and placed in a good agreement
with IEC61800-3 standard.

In the third paper, conducted CM EMI noise modeling of an electric system
including an AC-DC-DC power supply is developed. The EMI equivalent circuit of the
system is explained and the effect of each component and each noise source is investigated.
Moreover, the noise flowing into the isolation stage of the AC-DC-DC system that provides
the path for noise circulating is analyzed. The CM noise voltage level and impedance of
the system are investigated and calculated. Furthermore, the effect of different parasitic

parameters values on the CM noise voltage is studied. Additionally, an optimized EMI



filter is designed and studied and the effect of that filter on the power supply CM noise
voltage level is analyzed. As well, EMI noise reduction techniques are explained and used
for this system and by applying those methods the EMI level is reduced significantly to
meet IEC61800-3 [22] limits. Contributions of this paper are analyzing EMI noise and
developing new reduction techniques by considering the power supply. In more detail, a
novel method of EMI analysis and CM noise attenuation techniques are proposed by
considering the noise propagation of the feeding power converter. Moreover, optimized
EMI filters for the system are designed and developed by considering both magnetic and

parasitic behavior, which lead to filter minimization or filter-free systems.



PAPER

I. INVESTIGATION OF VARIOUS TRANSFORMER TOPOLOGIES FOR HF
ISOLATION APPLICATIONS

ABSTRACT

High frequency (HF) transformers are an essential part of many power electronics
devices. The performance and behavior of HF transformers, can greatly affect the
efficiency and performance of all systems, particularly, from a parasitic parameters point
of view. In this paper, HF transformer parasitic parameters, such as leakage inductances
and parasitic capacitances, are analyzed using a novel analytical method, finite element
method (FEM), and experimental measurements for different structures and windings
arrangements. Also, the magnetic field, electric field, electric displacement field, and
electric potential distribution within the transformers are simulated and analyzed. Four
different high frequency transformers with E and U cores with different windings are
designed and analyzed. Investigation outcomes help to classify structures according to the
trade-off between leakage inductances and series parasitic capacitance. This information
can later be used for the optimal selection and design of transformers as a function of their
operating frequency for any power rating and voltage level. Moreover, 3D FEM and
experimental results validate the proposed methodology to be used for designing HF

transformers in high voltage/power applications.
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iNSsecondary
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NOMENCLATURE

Description

Block set dimensions [m].

Cross-sectional area [m?].

Magnetic flux density [T].

Amplitude of the flux density peak [T].
Intra-winding capacitance of primary [F].
Intra-winding capacitance of secondary [F].
Capacitance between any arbitrary two layers of primary and
secondary [F].

Total inter-winding capacitance [F].
Inter-winding capacitances between primary
and secondary [F].

Core depth [m].

Electric displacement field [C/m?].

Duty cycle.

Energy stored in the primary insulations [J].
Energy stored in the secondary insulations [J].
Energy stored in the primary conductors [J].
Energy stored in the secondary conductors [J].

Frequency [Hz].



H

h
L primary
1 secondary

Lleakage

Ly

MLTy,
MLT,.
N
ny
n;

P core loss

z*Lcondpn-

z*Lcondsec

Magnetic field strength [A/m].

Window height [m].

Primary current [A].

Secondary current [A].

Leakage inductance [H].

Magnetizing inductance [H].

Length path on the core [m].

Number of conductor layers on primary.
Number of conductor layers on secondary.
Mean length turn of primary [m].

Mean length turn of secondary [m].

Primary number of turns.

Number of conductors per layer on primary.
Number of conductors per layer on secondary.
Core loss density [W/m?].

Thickness of primary conductors [m].
Thickness of secondary conductors [m].
Thickness of bobbin and spacer [m].
Thickness of insulation between primary conductors [m].
Thickness of insulation between secondary conductors [m].
Voltage of im layer of primary [V].

Voltage of im layer of secondary [V].



|4 Primary voltage [V].

|74 Secondary voltage [V].

w Window width [m].

a, B,k Constant values of magnetic core.
R Magnetic reluctance [A/Wb].

14 Primary to secondary turn ratio.

€ Absolute permittivity [F/m].

U Absolute permeability [H/m].

1. INTRODUCTION

Parasitics play an important role in the design and performance of electronics and
electrical devices. In transformers, the leakage inductance and parasitic capacitances have
a significant impact on performance and efficiency. Leakage inductance changes field
distribution, contributes to skin-effect losses, and because of its non-magnetizing stored
energy, voltage spikes would occur [1]-[3]. In high frequency transformers used in the
power electronics applications, these effects can lead to problems such as electromagnetic
interferences (EMI), circulating reactive power, the shifts that may occur in soft switching
region in phase shift modulated DC-DC converters, and efficiency reduction [4]-[6].
Moreover, in applications using soft switching techniques, it is tempting to use the leakage
inductance of the transformer instead of the actual inductor in the resonant tank circuit;
since it reduces size of the elements, which is important in applications like electric vehicle

fast charging [7]-[10]. However, care should be taken as this approach can lead to higher
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power losses. Furthermore, in some power electronics applications for filtering, tuning,
and/or eliminating series inductors, the specific leakage inductance value may be used.

Leakage inductance values depend on the transformer structure and winding
arrangements [11]. Therefore, in the designing process, a comprehensive vision of different
structures and winding arrangements is required as they can lead to a range of values for
leakage inductance. In [12], leakage inductance was evaluated for different transformer
structures by analytical expressions and validated by FEM for an HF planar transformer in
a DC-DC converter. In [13], a detailed model of winding arrangement dimensions depicted
the calculation of leakage inductance by energy technique. In both [12] and [13], besides
the limitations of winding arrangements, the magnetic field distribution was assumed linear
in both magnetic and insulation parts, which makes the accuracy insufficient. Moreover, in
[14] and [15], frequency dependent methods proposed to calculate the leakage inductance,
however [16] shows that the deviation of the methods proposed by [14] and [15] from FEM
and experimental results can reach up to 30%. Additionally, in [16] and [17], more
elaborate analytical techniques are proposed, by taking HF effects into account for EE core
transformers but the validation accuracy is still unclear. The methods of [16] and [17]
validated by 2D FEM and low number of turns experimental results--maximum number of
turns used in [14] and [15] is 6 and 20 respectively--which make them uncertain for some
winding arrangements with a high number of turns such as high power and high/medium
voltage converters [18]-[21]. Also, the methods proposed in [16] and [17] are only suitable

for a specific EE core structure and winding arrangement.
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Table 1 Several magnetic materials for HF transformer cores.

Material Type Composition Relati_v'e Saturation Density

Permeability Flux (T) (g/cm3)

Iron Powder Fe 4-100 0.5-14 3.3-7.2
High Flux Fe, Ni 14-160 15 8
MPP Fe, Ni 14-550 0.7 8.5
ézz:jz/s':‘) Fe, Si, Al 26-125 1 6.15
MnZn Ferrite Fe, Zn, Mn 750-15000 0.3-0.5 4.8
NiZn Ferrite Fe, Zn, Ni 15-1500 0.3-0.5 4.8

The other significant parameter in transformers is parasitic capacitance, which
create path for common mode (CM) noise. In some cases, parasitic capacitances can
interrupt resonant modes; because of high dv/dt in switches, high frequency currents can
flow into the circuit and create EMI problems, which can lead to unwanted electrostatic
coupling and efficiency reduction, especially in SiC and GaN switches with short rise and
fall times [22]-[24]. In [25], the parasitic capacitance of a high voltage transformer was
analyzed and validated by experimental results and in [26] a new technique was introduced
to calculate and reduce the parasitic capacitance of HF transformers. However, in the
design process of isolated DC-DC converters with fast switches and lower EMI,
considering the parasitic capacitance behavior along with leakage inductance and different
winding arrangements is an important issue that is not covered in the previous researches.

In this paper, different structures of transformers with different winding
arrangements are designed, analyzed, simulated, and experimentally validated. The
structures are designed and selected based on the feasibility and popularity of
manufacturing in industrial applications for high power. Flux density, magnetic field, and

electric fields distribution are obtained. The leakage inductance and parasitic capacitances,
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which resulted from a novel analytical method, FEM, and experimental are investigated
and compared to each other. These structures are going to be incorporated in a high-voltage
extreme fast charging converter with H-bridge cells that use HF isolation stages. The
contribution of this paper is to develop an accurate and novel methodology for selecting an
HF isolation transformer considering both the leakage inductance and series parasitic
capacitance. The proposed methodology, which validated by FEM and experimental
results, not only help the industries to optimize the HF transformer topologies and
decrease/adjust the parasitic parameters, also provide a comprehensive analysis for
parasitic behavior of the transformers. Moreover, the proposed methodology can be applied
to any structure, power rating, voltage level, and frequency, especially high power and high

voltage applications.

2. DESIGN OBJECTIVES

In the design process of HF transformers, the major steps are designing magnetic
inductance, leakage inductance, and insulation. To design magnetizing inductance the
magnetic core should be chosen first. The transformer is designed at 1kW power rating
with primary and secondary voltage of 200V operating at the frequency of 3 kHz.

When choosing the magnetic core there are different options at high frequency.
Three major factors that determine the type of magnetic material are cost, size, and
performance. These three factors are dependent on core loss, temperature stability,

permeability, etc. In HF transformers, a higher saturation flux point can result in smaller
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passive components, and lower core loss leads to higher efficiencies. Table 1 shows
different magnetic material.

In this design, Kool Mu is used for magnetic core. Kool Mu demonstrates a
saturation point of 1T and a permeability of 26. By the modified Steinmetz equation

presented in [27], the loss density of the core is determined:

2P+1D 1
coreloss  (Da '(2,,)a-iJ(2rqcosO\a.ZD~a.c{)'K'f@‘@mP 1)

Constant values for Kool Mu are shown in Table 2. Power loss density in the frequency of
3 kHz with the flux density of 0.9T at duty cycle of 0.5 is 733.44 mW/cm3,

By fixing the maximum flux at 0.9T and considering the B-H curve of Kool Mu,
the number of turns on the primary and the secondary can be found by equations (2) and

(3). The calculations are obtained from quasi-sinusoidal forms.

N2
Lm=~" 2

1
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™04
02

0
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HAM
Figure 1 B-H curve ofthe Kool Mu.

Table 2. Constant values of the Kool Mu.

K(mW/cm3) 94.674
a 1.998
P 1.402
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Figure 2. A block set of the Kool Mu.

Figure 3. Structures ofthe proposed transformers. Both shapes are composed of 8 blocks.
a) UU core. b) EE core.

Table 3. Dimensions of a block set.

A 60(mm)
B 30(mm)
C 15(mm)
N-1primary = 2,H.1 3)

=
>
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In Figure 1, the B-H curve of Kool Mu is shown. Topologies of the transformer are
considered EE and UU shapes. The geometry determines the average length path and
remarkably affects both leakage inductance and parasitic capacitance. Figure 2 and Figure
3 depict a block set dimensions and two types of geometries used for simulation and
experimental results, respectively. Also, Table 3 shows the dimensions of Figure 2. In this

design, 8 Kool Mu blocks are used to satisfy the window area and the desired inductance.

Figure 4. Magnetic field strength distribution on the windings, air and spacer. a)
Magnetic field strength distribution on the layers along with w. b) Magnetic field strength
distribution on the layers along with h.

In the B-H curve, the corresponding point ofB=0.9T for the magnetic field strength
is almost #=1000(A/m). To adjust the primary current to at least 4 times greater than the
magnetizing current, the number of turns is considered 400 turns for both the primary and

the secondary. Also, AWG#19 is used for the transformers’ windings.
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2.1. LEAKAGE INDUCTANCE
Imperfect magnetic coupling between the windings of a transformer results in
leakage inductance. Not all magnetic flux passes through the core; instead, a portion closes
in air, insulation, or windings. This leakage magnetic field or inductance in an HF
transformer significantly affects the performance of the power electronics device and as
the frequency increases the leakage inductance values change because of the skin effect.
Figure 4 shows the magnetic field strength distribution on the windings and the space
between conductors. The classic analytical models of leakage inductance suppose that the
magnetic field distribution inside the conductors is linear. While, the frequency dependent
models consider the nonlinearity of the magnetic field distribution. As the frequency
increases the nonlinearity intensifies and the overall area under the magnetic field curve
decreases.
While the secondary is short circuited, magneto motive force (MMF) distribution
in the space, especially in the window area, represents the behavior of leakage inductance.
Additionally, leakage inductance is proportional to the energy stored in the space, and with

(6) and (7), the magnetic energy in the space is related to magnetic field strength ().

MMF = ¢ H.d¢ (5)
1
Emagnetic energy = E gﬂ H.Bdv (6)
B =uH (7)
1 2
Etotal stored energy = E ' Lleakage' Iprimary (8)

Changing the windings arrangements is an efficient way to alter and set the leakage
inductance. By changing the winding arrangements, the magnetic coupling between

windings changes and different winding arrangements could lead to build a range for
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leakage inductance. In this paper, the results show a range of leakage inductance values

that represent each arrangement capability of producing leakage inductance.

Figure 5. Inter-winding and intra-winding parasitic capacitances.

2.2. PARASITIC CAPACITANCE

Figure 5 shows the model of inter-winding and intra-winding parasitic
capacitances. The inter-winding capacitances are the main path of CM noise in the
converters using isolated transformers. Also, the intra-winding capacitance governs the
self-resonance of the transformer. The coupling capacitances result in circulating high
frequency currents. This is intensified in high power devices with SiC MOSFET switches
in which dV/dt can reach to 30-100 kV/us [28]. To avoid these high frequency currents,
which cause problems in control parts, lead to EMI problems, and cause interruptions in
resonant modes, the value of the capacitances should be calculated. Also, parasitic
capacitance varies as winding arrangements and the core structure change.

Parasitic capacitance can be found by calculating the total energy stored in the

electric field:
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1
Eelectric energy = E fff Ddsp- Edv (9)
Ddsp =¢F (10)
1
Etotal stored energy — 3 c.v? (11)

In some cases, the parasitic capacitances lead to an unwanted resonant mode as well
as current spikes, which cause an interruption in soft switching. In [28], by using different
cores and some insulation methods, the capacitance between the primary and the secondary
decreased to 0.5pF. In this paper, different winding arrangements and cores are investigated
for finding electric field distribution and calculating the parasitic capacitance of the
transformers with different arrangements.

2.2.1. Transformer Models. UU cores demonstrate simplicity in winding
arrangements and a high window utilization factor. In some applications the high density
of the electric field can be reduced by using CC cores with round corners. Furthermore, EE
cores are widely used in power electronics applications. If airgaps are needed, EE cores
allow for gapping of the center leg, which decreases the EMI and causes fringing problems
[29]. As the windings in these cores are not completely covered by magnetic material, there
is more EMI issues with this type of cores compared to pot and PQ cores, which makes
them unsuitable for very high frequency applications.

In Figure 6, transformer models with winding arrangements that are analyzed in
this paper are depicted. In Figure 6(a), the primary and secondary are wound on different
legs, while in Figure 6(b), both the primary and the secondary are wound on the middle
leg, and in Figure 6(c) the primary and the secondary are wound on the middle leg on each
other and this configuration increases the magnetic coupling between the primary and the

secondary. In Figure 6(d), both windings are on the same middle leg, but the secondary is
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divided into two identical 200-turn windings. In all figures, bobbins with spacers that have

a thickness of 2mm are observable.

@) (b) (©) (d)

Figure 6. Different transformer models and winding arrangements. a) UU core with the
primary and the secondary wound on separated legs. b) EE core with the primary and the
secondary wound on the middle leg. c¢) EE core with the primary and the secondary
wound on each other. d) EE core with the primary on the middle and half of the
secondary on top and half on bottom.

3. PARASITIC PARAMETERS ANALYSIS

To find leakage inductance for each structure, the leakage energy stored in different
parts ofthe transformer such as insulation, spacer and conductor parts should be calculated.
For this aim, by using Maxwell equations and finding the magnetic field strength in
different parts of the transformer, the leakage inductance for each structure is formulated.
Also, in order to find the parasitic capacitance, by using stored energy technique and
equations (9)-(11) the parasitic capacitance can be formulated. Note that, in a
nonconductive core the parasitic capacitance is the inter-winding capacitance between
primary and secondary, but in a conductive core in addition to the inter-winding, the
capacitances between windings and the core can play a role. FEM simulation show that in
the structures modeled in this paper, the majority of the parasitic capacitance forms

between the primary and secondary. Also, this capacitance that is the leading cause of the
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CM noise, is 10 times higher than the sum of other capacitances (if the core is also
conductive). Hence, other capacitances are not analytically modeled in this paper.
However, the methodology for finding the inter-winding capacitances used in this paper
can still be used if anyone is interested in formulating the remaining capacitances as well.
In the following, the leakage inductance and parasitic capacitance for the transformer

structures are presented. Types a, b, ¢, and d are the same as Figure 6.

3.1. PARASITIC PARAMETERS FOR TYPE a
To find the leakage inductance, by using (6) the energy stored in the insulation parts

of the primary and secondary and the conductors of the primary and secondary is

calculated.
1 - insppi (N Ilprimar 2
Einsyromary = SRD(MLTye) ST (770 (2222m02)” ) (12)
- tinssec N2lsecondar 2
Einssecondary = -u(h)(MLTsec) i 1<f0 (ZT”) dx) (13)

To find Eprimary and Egeconaary. the magnetic field in the primary and secondary

conductors should be found. H; and H, are the magnetic field in the primary and secondary

conductors, respectively.

1+

H = Hlle 5 +H21e 5 X (14)
EETN
H, = lee 5 ¥+ Hye” 6 (15)
Also, § is the skin depth:
Wz
6= J2rnfuo (16)

H.q and H_, that resulted from the boundary conditions, are defined:
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Nilprimar
Hey = Milprimary a7
ch — nzlsec;indary (18)

By applying the boundary conditions the coefficient of H; and H, are obtained:

14)
(= S tcondpn-)

mq,—1)Hq 1—e mqH,
Hll :( 11+j) “ 1+j — (19)
( tcondpri)_e(_thondpri)
1+, )
(ml_l)Hcl_e( § condpri myHeq
H21 = 1+jt 1+jt (20)
e(_T condpn-)_e(T condpn-)
14)
H,, = (my— 1)HC2—e(_TtCOTldsec)m2HC2 (21)
12 — j
(1+Jtcondsec)_e(_lf;]tcondsec)
1+)
(mz—l)ch—B(thondsec)mzch
Hy, = 3] 1+] (22)
e(_TtCOTldsec)—e(TtCOTldsec)
Therefore, Eprimary and Esecondary ¢an be shown in the following equations:
1 condpn ijx 2
Eprimary = E.u(h)(ML prl)z Hyqe 5 +H21e 8 dx (23)

tcon sec RELe g
Esecondary (h)(MLTsec)Z (f ¢ <H e 5 +H22€ 5x> dx) (24)

Moreover, the stored energy between the primary and secondary windings at the window

area can be calculated by the following equation:

1 tp—s MMalprimar
Ep—s = E.u(h)(MLTp—s) fop (%)de (25)

Then, by using (8) the leakage inductance can be calculated. By using (9)-(11), the parasitic

capacitance between the primary and secondary for type a can be calculated.

1 1 1
Etotat stored energy — mel m2 C lsj(v%)i )2 = ps4V2 + ECps3Vs‘2 + ECpsl(V%J -
1 Cps Cps1(¥—1)?
V)2 = 2 (Cpos + 22 + 2L ) 12 = 2 (Gpo )W (26)
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_ % v
pi 14 mq my

27)

eDmin{niteong T2 Leondsec)

. (28)

_jtcondsec+tinspri+tinssec

S = ;
pisj W=2tp=itcond,,;

Therefore, Cy,s can be obtained:

1 1 2

— v M2 -
Cos = Li=12j=1 Cpis; (7 + 722

) (29)

ymimy;

3.2. PARASITIC PARAMETERS FORTYPE b

To find the leakage inductance for this structure, the same steps as type a, should

be followed.
Einsprimary :%u(w)(ML pn)znl‘1< "< (”"ﬂp%)zdg (30)
Binscontary = THONMLT o) Sz ([ (Meleeemdonr) g G1)
Hey = Ty (32)
Hep = meeentony (33)
zm=m??“{%ziﬂﬁﬁ (34)
T feondyy) _ ("5 feondpy
Hy = ("1Ii?HCl_e(%jtcondm)"lHC1 (35)

k3] 14
e(_ S tcondpn-)_e( S tcondpn-)

(n;—1)Hcp—e' & "condsec’n,H,

H12 = 1+j 1+) (36)
(5 teondser) — ("5 teondsec)
( ) (%jtcond )
_ n2—1 ch—e sec nzch
H22 - 1+j j (37)

1+
e(__5 tcondsec)_e(_g tcondsec)

Therefore,
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1 teond i ﬂ 2
Eprimary :E.u(W)(ML prl)z ( P <H116 8 +H21e 5x> dx) (38)

tcon sec -1 g
Esecondary .u(W)(MLTsec)Z (f @ <H e 5 +H226 5x> dx) (39)

Also, the stored energy between the primary and secondary windings can be calculated by

the following equation:
1 tp—s MMalprimar
Ep—s = E.u(W)(MLTp—s) fop (%)de (40)
Then, by using (8) the leakage inductance can be calculated.

Also, the parasitic capacitance between the primary and secondary for type b can be

calculated by the followings:

_leom nz 1 2 1
Etotal stored energy — 521-:1 Cplsj( ) Cps4V + C S3Vs‘ + ECpsl(V%J -
2 1 Cpss | Cps1(V— 1)? 2
)7 =3 (Coss + 22 + 22N UE =2 (Gl (41)
v, Vi
— Py
%i VSi T oy (42)
c _ ETL|(C+ip+min {mltwndp mztcondsec})z_(c+tb)2] (43)
PiSj ™ tp+(na- l)tcond +tms +U Dt condgec Tlinssec
— v ny i 1 2
CpS - Zi:l j=1 Cpisj(n% + an% + Vn1n2) (44)

3.3. PARASITIC PARAMETERS FOR TYPE ¢

For this structure, E; Eprimary> and Esecondary are the same

MSprimary’ Einssecondary’

as type a. The only difference here is the absence of E,_g, because in this winding

arrangement there is no major spacer between the primary and secondary. Moreover,
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equations (26), (27), and (29) are valid for finding the inter-winding capacitance for this
type but Cp, 5 that is directly related to the structure and winding arrangement is different:

2emmin {n, tcondpn-'nz tcondsec)

piSj = C+tb+m1tcondpri+(j_l)tcondsec+tinssec (45)
n C+tb+itcondpri_tinspri
3.4. PARASTIC PARAMETERS FORTYPE d
Einsprimary for this structure is the same as equation (30). But Ejp,s dary is not
the same as type b.
nz] 1 tinsgec iMzlsecondary 2
Eimsaccondary = KW (MLT o) B2, ( fomsee (FEecentanr)” gy (46)
Also, H.q, H.», Hy1, and H,, are the same as (32)-(35).
ch—e s 5 Condsec)nzch
B ] ) 57 (47)
( 5 Condsec)—e( 5 tcondsec’
. 1t
2 e et ”

e SJtCOTldsec)—e( SJtCOTldsec)
Therefore, Erimary 18 the same as equation (38).

8

tcon sec ﬂ g
Esecondary .u(W)(MLTsec)Zl 1<f ¢ <H e 5 +H226 5x> dx) (49)

Moreover, the stored energy between the primary and secondary windings is:
tp—s MMalprimar
Ep—s = M(W)(MLTp—s) fop (%)de (50)

Then, by using (8) the leakage inductance can be calculated. Also, the inter-winding

parasitic capacitance for type d can be calculated by the followings:
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0) ()

(d)
Figure 7. Magnetic flux density distribution (T). Cases a, b, ¢, and d are based on the
cases shown in Figure 6.

(a) (b) (©)

(d)

Figure 8 Magnetic field strength distribution (A/m). Cases a, b, ¢, and d are based on the
cases shown in Figure 6.
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nz
1an [ ] 1
Etotal stored energy — EZ ! j=1 plsj( )2 = ps4V +5 C 3‘/:92 + ECpsl(V%J -

1 Cps Cps1(y—1)?
Vo)? = 5 (Cpos + 722 + 220N U = 2(Go )V (51)

25-7T-[(C+fb+min {Mmitcona mztcondsec}) —(C+tp) ]

_ pri’

CpiSj - .
fb+(]_1)tcondpri+tinspri ([ > ]— )tcondsec+tlnssec

(52)

Equation (42) is valid for this structure. Therefore, the inter-winding capacitance can be

calculated by the following equation:

[n] 1 1 2
220 Cpis; (3 +m+ﬁ[nz_2]) (53)

Tl

4. FINITE ELEMENT ANALYSIS

4.1. MAGNETIC FIELD DISTRIBUTION IN TRANSFORMER MODELS

The magnetic flux density distribution of the transformers on the cores, during the
full load operation are displayed in Figure 7. It is clear that at some points the cores are
saturated but the average flux density in all four cores is at the linear part of the Kool Mu
B-H curve of Figure 1.

As mentioned in section 2, to find the leakage inductance in the transformers,
leakage energy in the space, especially in the window area, needs to be calculated.
Therefore, by applying the short circuit test on the secondary and applying the nominal
current on the primary, the leakage energy and subsequently leakage inductance can be

obtained. Figure 8 shows the magnetic field strength in the transformers during the short



27
circuit test. As the magnetic field increases in the space and specifically in the window
area, the magnetic leakage energy intensifies.

Transformer structures and winding arrangements are responsible for different
magnetic field strength and leakage energy. By observing the magnetic energy on different
parts of the transformers, the magnetic field on the primary windings are higher than other
parts and this results in increase of H;; and H,; in the analytical modeling of section 2. It
is clear in Figure 8 that different winding arrangements for a certain transformer could
result in various field distributions. Consequently, based on the special parameters of a
power electronics device, a designer may choose a specific arrangement. Total magnetic
field during the short circuit in case (a), shown in Figure 8, is higher than other
arrangements in other cases. Thus, it is expected that the leakage energy and leakage
inductance will become higher. Table 4 presents the leakage inductance and the
magnetizing inductance obtained from analytical models and the simulations. Cases a, b,
¢, and d are the same as the cases shown in Figure 6.

Table 4 shows different winding arrangements and transformer structures with the
same electric and magnetic parameters; a wide range of leakage inductance is observable.
However, note that due to the same winding turns, magnetic block permeability, and cross-
sectional area of the geometries, the magnetizing inductance in all cases is almost the same.
As is clear in Table 4, the leakage inductance values resulted from the analytical method
and FEM are in a good agreement.

Agreement between analytical method and FEM pave the way of using the
mentioned methology for all arrangements and configurations. However, for verification,

the experimental resulst should be taken into account, as well.
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Figure 9. Electric field (kV/mm) distribution in the transformers. Cases a, b, ¢, and d are
based on the cases shown in Figure 6.

Table 4. Magnetizing inductance and leakage inductances of the transformers.

Leakage Leakage

Transformer Magnetizing
Inductance(mH) Inductance(mH)

Type Inductance(mH)
(Analytical) (FEM)
a 34.119 23.16 21.872
b 31.992 14.47 13.360
c 33.273 0.887 1.073

d 32.246 7.351 8.038
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4.2. ELECTRIC FIELD DISTRIBUTION IN TRANSFORMER MODELS

As is shown in equations (9)-(11), to find the parasitic capacitance in the
transformers, the electric field and total stored energy must be calculated. Capacitance
between the different parts of each transformer is dependent on the transformer structure,
winding arrangements, and dielectric constant of the materials. Therefore, insulation
coordination should be designed for the transformers before calculation and measuring the
capacitance.

High frequency isolated transformers provide insulation safety for the system.
Hence, the insulation design between the primary and the secondary and the primary and
the core should be based on the input voltage level. The input voltage level in this study is
assumed to be 6 times of the primary, thus it is 1200V. Because this transformer is designed
to later be used in a multilevel converter with 6 modules. Note that that the insulation
design for the secondary and the core is based on the 200V. Based on the IEEE Std.
C57.12.01 dry-type transformer standard [30], the crest value of the lightning impulse test
for the aforementioned input voltage level is 10kV, and all the insulation materials used in
the transformers need to be designed according to this voltage, which is the maximum
insulation requirement.

The insulation material used as bare conductor insulator is silicon varnish with
dielectric constant and a dielectric strength of 3.1 and 120kV/mm, respectively. Also, the
bobbin material is ABS plastic, with a dielectric constant and dielectric strength of 2.2 and

25kV/mm.
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Figure 10. Electric potential (V) distribution in the transformers. Cases a, b, c, and d are
based on the cases shown in Figure 6.

The electric field distribution is presented in Figure 9 for the four transformer
structures during the presence of all materials with the highest insulation test voltage of
10kV. This figure displays a slice of the cores for better visibility. Based on the IEEE Std.
C57.12.01 [30] the maximum electric field for all the structures should be lower than the
electric field strength of the materials. Figure 9 shows that the IEEE standard conditions
are provided. To find parasitic capacitance, electric potential distribution in the space
should be calculated, and then the electric field strength and electric displacement field will
be found. Then, by calculating the electric energy stored in the field, the capacitance is
calculated. Figure 10 shows the voltage distribution in the space for each transformer
structure. The distribution is achieved by applying 1V to a winding and 0V to the other

winding of each structure.
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(@) (b) (©)

(d)
Figure 11. Electric displacement field (C/m2) distribution in the transformers. Cases a, b,
¢, and d are based on the cases shown in Figure 6.

Table 5. Parasitic capacitances of the transformers.

Parasitic Capacitance Parasitic Capacitance

Transformer Type (pF) (pF)
(Analytical) (FEM)
a 29.34 31.05
b 41.86 38.69
c 1426.97 1473.18
D 65.82 62.32

Electric displacement field distribution in the transformers is displayed in Figure

11. Figure 11 clearly shows that in magnetic parts and air domains, the electric
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displacement field is very small, but in domains such as bobbins, which have a higher
relative permittivity, the electric displacement field increases and leads to creating charge
in those areas.

Each process needed to calculate the parasitic capacitance with numeric method is
conducted in the FEM software package. Table 5 presents the parasitic capacitance
between the primary and the secondary of each transformer structure with the analytical
models of section 2 and with FEM simulations. Cases a, b, ¢, and d are the same as cases
shown in Figure 6. Table 5 clearly shows that different winding arrangements of a
transformer lead to a wide range of parasitic capacitance. As was expected, in cases with a
smaller distance between windings, such as case ¢, the electric energy and parasitic
capacitance is higher than the other transformers with winding arrangements. Also, the
parasitic capacitance values resulted from the analytical method and FEM are in a good

agreement.

5. EXPERIMENTAL MEASUREMENTS

In this section, the experimental results of the leakage inductance and the parasitic
capacitances are presented. The experimental results were achieved for Figure 6(a) which
has the lowest capacitance and is suitable for specific applications, Figure6 (c) which is a
popular and common structure in industry, and Figure6 (b) and (d) which are the best
structures in terms of both leakage inductance and parasitic capacitance. The experimental
measurements were achieved by using HP Hewlett Packard 4284A and IET DE-6000 LCR

meters. The transformer prototypes were made by the materials and the insulation strategy
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mentioned in the previous sections. Figure 12 shows the transformers prototypes and the

measurement devices.

Figure 12. Measurement devices and transformer prototypes.

Table 6. Experimental results of leakage inductance and parasitic capacitance.

Leakage Parasitic
Transformer Type
Inductance (mH) Capacitance (pF)

a 20.537 27.12
b 12.37 34.63
c 0.984 1384.1

d 7.267 55.47
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Table 6 shows the experimental results values. Cases a, b, ¢, and d are the same as
cases shown in Figure 6. Comparing the experimental and FEM results shows a good
agreement between the outcomes. As is clear in Tables 4, 5, and 6, in all of the cases, the
difference between the analytical method, 3D FEM, and experimental results is relatively
low, which proves the validity of the mathematical model and simulation strategy for
obtaining the magnetizing and the leakage inductance and the parasitic capacitance.

To show the superiority of the proposed method in this paper over the other
frequency-dependent methods introduced in the introduction, the leakage inductance of
type c is calculated with the methods of [14]-[17]. Table 7 shows the leakage inductance
values for the transformer type c obtained from different methods and the deviation of the

values from experimental result of this paper for type c.

Table 7. Leakage inductances calculated with the methods of [14]-[17].

Method Deviation from
Leakage Inductance (mH)
Used from Experimental (%)
This paper 0.887 9.8
[14] 1.43 45.3
[15] 2.06 109.3
[16] 1.37 39.2

[17] 1.28 30.1
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6. CONCLUSION

Parasitic parameters in high frequency transformers can change the performance of
power electronics devices, enormously. In this paper, the novel and accurate methodology
based on analytical method, FEM, and experimental developed for finding the parasitic
parameters of an HF transformer. The results show that for one transformer with the same
electric and magnetic parameters, there can be a range of different values for parasitic
parameters. Compromising between parasitic values by selecting winding arrangement and
transformer structure can relate to other design factors, such as the facility of insulating,
specific application, transformer magnetic core selection and designing strategies, etc. The
proposed methodology in this paper shows that the transformer designing process, selected
insulating materials, insulation strategy, and winding arrangements cause a wide range of
parasitic behavior, which should be taken into account for an optimal design to minimize
CM noise and reduce EMI in the systems. Based on the methodology and the results,
depending on the specific application, in the optimal designing process there should be a
trade-off between the parasitic parameters. As an example, low leakage inductance can
cause problems for some multilevel converters using phase shift modulation or resonant
converters, while a certain value of parasitic capacitance can be integrated in the resonant

tank for ZVS/ZVC achievement.
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II. EMC IMPROVEMENT FOR HIGH VOLTAGE PULSE TRANSFORMERS

BY PARETO-OPTIMAL DESIGN OF GEOMETRY STRUCTURE BASED ON
PARASITIC ANALYSIS AND EMI PROPAGATION

ABSTRACT

High voltage pulse transformers have an essential role in pulsed power systems and
power conversion applications. Improving the electromagnetic behavior of such devices
leads to better efficiency and low-level electromagnetic interference (EMI) noise
propagation in systems. In this paper, a high voltage pulsed power system is considered
and analyzed to improve the electromagnetic compatibility (EMC). The new generation of
pulsed power systems that use SiC and GaN fast switches in capacitor charger power
electronic circuit, face far more EMI challenges. Moreover, in this paper, the EMI
propagation paths in the pulsed power system are realized and analyzed. The EMI noise
level of the system is obtained and compared to the IEC61800-3 standard. To improve the
EMC, the parasitic parameters of the transformer, as the main path of EMI circulation, are
optimized to block the EMI propagation in the pulsed power system. For this aim, the
parasitics are modeled and calculated with a novel and accurate energy distribution model.
Then, by defining a cost function the geometry structure of the transformer is optimized to
lower the parasitics in the system. Three pareto-optimal techniques are investigated for the
cost function optimization. The models and results are verified by 3D-finite element
method (FEM) and experimental results for several given scenarios. FEM and

experimental verifications of this model, make the model suitable for any desirable design
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in any pulsed power systems. Finally, the EMI noise level of the system after optimization

is shown and compared to the IEC61800-3 standard.

1. INTRODUCTION

The performance and efficiency of pulsed power generators and power conversion
systems are highly dependent on the parasitic parameters and noise level of the whole
system. In power conversion systems that include HV transformers and magnetic parts,
leakage inductance and parasitic capacitance values affect the losses, noise, and control of
the system [1] due to creating EMI propagation paths in the system. Calculating and/or
adjusting the values for the parasitic parameters not only increases the efficiency and helps
to reduce the size of passive components, but also can lead to more robust control strategies
[2]. Leakage inductance results from an imperfect magnetic coupling between the primary
and secondary of a transformer. Due to eddy currents and proximity effect, as the frequency
increases, the concentration of current on the skin of the conductor increases. This
phenomenon, called skin effect, leads to a lower leakage inductance. Hence, calculating
the exact values of leakage inductance in pulsed power applications and high frequency
(HF) systems such as resonant capacitor chargers should be different from calculating the
values in 50/60 Hz systems [3], [4]. In [5], by using leakage inductance for zero voltage
switching (ZVS) and zero current switching (ZCS), the total volume of the system
decreased up to 15%. Also, by adjusting the resonant frequency to 1.25 times of the
switching frequency, 30% loss saving was observed when compared to the hard switching.

These power electronics converters are very useful in charging the capacitances of the pulse
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generators. On the other hand, higher values of leakage inductance lead to reactive power
circulation in the system and efficiency reduction [6], [7]. Thus, creating a robust magnetic
coupling between the primary and the secondary by devising a suitable winding
arrangement and structure for the transformer is crucial. Additionally, in applications with
phase shift modulations, such as the HF isolation stage of multi-level converters, there is a
minimum leakage inductance needed for the proper operation of the phase-shift modulation
strategy to achieve ZVS [8]-[11]. All the aforementioned reasons and applications
emphasize the necessity of an accurate calculation method for leakage inductance in pulse
transformers and high frequency transformers (HFTs), and HF systems that used in pulsed
power applications.

Parasitic capacitances in the system exist due to the electric field distribution among
different parts of the transformer. The nonlinearity of the electric field distribution makes
the capacitance modeling more difficult [12], [13]. Calculating the parasitic capacitance in
the magnetic parts of the system can allow for the integration of parasitic capacitance into
the ZVS and ZCS tanks, or to minimize the parasitic capacitance, thus reducing common
mode (CM) EMI noise and losses [14]-[17]. In new switches such as SiC and GaN, which
demonstrate a short rising and falling time, the dV/dt can reach anywhere between 30-100
kV/us [18]. This large amount of dV/dt can cause the injection of HF currents through the
series parasitic capacitances of pulse transformers/HFTs and lead to EMI [19] and change
the output pulse waveform due to resonance with inductor parts. Parasitic capacitance
values are directly related to the transformer winding arrangements and core structure.

Changing the arrangements and structure lead to an optimized value for the capacitances.
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Figure 1 Pulsed power system.

In [20] and [21], the leakage inductance for an EE core transformer is calculated by
using Maxwell equations without taking the frequency into account. Simplifying the
Maxwell equations and neglecting the frequency dependent leakage inductance lead to
simple equations. Also, in [22], by using Biot Savart law and calculating the magnetic field,
in some parts of an EE core a more accurate expression for leakage inductance is presented.
Moreover, a more accurate modeling of winding arrangements is presented in [23]. All the
methods used in [20]-[23] present simplified equations and frequency independent
expressions, which make them inaccurate for many HF and pulsed applications.

In [24], a frequency-dependent method that uses time variant Maxwell equations is

introduced to provide an expression for leakage inductance, but the proposed method and
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expression are suitable for toroidal cores, not EE cores. Moreover, in both [25] and [26] a
frequency dependent method that solves time variant Maxwell equations is used to
calculate leakage inductance for an EE core in any frequency. However, in both [25] and
[26], due to using 2D FEM and low turn prototypes, the accuracy and validation for high
power applications with a large number of turns per winding are not totally clear. Also, in
[25] and [26], Maxwell equations are solved only for an arrangement in which both
windings are wound on each other.

Two effective methods, namely measurements and FEM, are used to find the exact
amounts of parasitic capacitance. However, for optimizing the parasitic values, obtaining
an analytical method for finding capacitance is necessary. In [27]-[33], different methods
of finding analytical expressions are investigated for parasitic capacitance in transformers
used in power converters. Also, in [27] the orthogonal, orthocyclic, and plate winding
arrangements of an HFT are considered. Moreover, in [28], a semi-analytical method using
FEM is proposed with disordered winding arrangements. Because of the winding and
insulation complexity in high voltage transformers, finding the capacitance by analytical
methods is more difficult. In [29] and [30], the capacitance of high voltage transformers

with different complex windings are investigated.

Figure 2. LTspice Simulation model.
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Figure 3. Gate signals of S1 (blue) and S2 (red) for switches gate drivers.

In this paper, a pulsed power system is analyzed and the EMI propagation routes
are investigated. In addition, the EMI noise level of the system is shown. For improving
the EMC and reducing the EMI noise level under IEC61800-3 limits, transformer parasitic
parameters are modeled to be optimized and block the EMI circulation. Transformer
parasitics provide the main path for CM EMI circulation. Novel analytical and FEM
methods are proposed for both leakage inductance and parasitic capacitance. Additionally,
different pareto-optimal techniques are implemented into the defined cost function for
achieving the best combination of parasitic parameters. FEM analysis and experimental
results are used to verify the model. The winding arrangement and structure for FEM and
experimental verifications are chosen due to the previous research in this field [34], which
proved that this structure is the best, both in terms of leakage inductance and parasitic
capacitance for some applications. At the end, it is shown that, after optimization, the CM
EMI noise level of the system is decreased significantly and placed in a good agreement

with IEC61800-3 standard.
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2. PULSED POWER SYSTEM AND EMI NOISE LEVEL

Figure 1(a) shows a pulse generation system that derived from [35]. This system
implemented in [35] with SiC power electronics switches for a high voltage pulse level of
20kV. Figure 1(b) shows the standard model of a pulse transformer in the pulsed power
system of Figure 1(a). The EMI noise in this system propagates through interwinding and
intra-winding parasitic capacitances. Also, leakage inductances not only affect the EMI
propagations paths, but also affect the output pulse voltage by resonance with the

capacitors.

Figure 4. Generated pulse.

To show how the parasitics affect the EMC, Figure 1(a) system is simulated in
LTspice and the CM EMI noise level of the system is obtained here. Figure 2 shows
simulations schematic developed in this paper. As is clear in Fig 2, two-line impedance

stabilization networks (LISNs) are also simulated and shown for receiving the EMI noise.
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Figure 3 shows the gate signals of S1 and S2 of Figurel(a) that shows how the switches
drive for charring C1 and C2 capacitors. Figure 4. shows the pulse signal created by the
HV pulse transformer. Moreover, Figure 5 shows the EMI noise level of the simulated
pulsed power system. As is clear in this figure, at the frequency of 330kHz and above, the
noise level is higher than 73dB(uV), which is not in agreement with IEC61800-3 standard.
Therefore, EMC improvement is necessary and optimizing the parasitics and the structure
of HV transformer and winding configurations is the key for lowering the EMI under the
limits of IEC61800-3 standard. Furthermore, Figure 6 shows the EMI propagation paths in

the pulsed power system.

Figure 5. EMI noise level of the pulsed power system.

Figure 6 shows that the EMI noise propagates through the parasitics of the elements

such as inductors, switches, and transformer and close itselfby the parasitic capacitances
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between the circuit and the ground. This paper focuses on attenuating the CM EMI noise
by optimizing the transformer elements, which play significant roles in EMI propagations.
At the end it will be shown that, the transformer optimization could lower the EMI noise
under the IEC61800-3 limits and effectively block the EMI circulating in the system.
Optimizing the parasitics in other elements, putting EMI filter in the system, or using
passive components for EMI noise attenuating are also effective; however, are not the

interest of this paper.

3. LEAKAGE INDUCTANCE CALCULATIONS

By short circuiting the secondary, the energy remaining in the space--mainly in the
window areas--is equal to the leakage energy, and the leakage inductance can be calculated.
Thus, calculating the leakage energy on different parts of the transformer is the main
solution for finding the leakage inductance. However, the energy distribution can be
different in various models. This paper introduces a novel and accurate energy distribution
model for finding the leakage values.

Figure 7 shows the 2D conductor arrangements options of the transformer at the
right window. The left window has a symmetrical arrangement. The number of conductors
per layer for the primary and secondary is n1 and nz2, respectively. Also, the number of
layers for the primary and secondary is m: and mz, respectively.

To find the total leakage magnetic energy, it is necessary to calculate the leakage
energy on the insulations, the bobbin spacer, and the conductors. The magnetic field on the

insulations and the spacer is constant. However, the magnetic field inside the conductors
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changes linearly with respect to the conductor radius and nonlinearly in presence of skin
effect.

Before discussing the distributed magnetic energy on different parts of the

transformer, following coefficients are defined:

1 MLTpp
Ky=2Jy " f, wde.dr (1)
1 +MLTsec
Ke=-J; Jy w.de.dr 2)
1 +MLTsp.
Kspacer = Efo ? f(;/v p.dt.dr (3)

where MLT,,,;, MLTec,MLTy,, and p are mean length turn of primary, mean length turn of

secondary, mean length turn of the spacer between primary and secondary, and absolute
permeability, respectively.

Magnetic energy on the insulation parts is discussed in [34]. However, for a better
accuracy the following energy distribution in the insulation parts of the conductors of the
primary and secondary is described as follows. The following model is more accurate than

the model described in [34].

2
t; i .
_ mi—1gn,—1  MSpri lﬂpmmary
Elnsprimary - Kp Zj=1 Zi:l 0 2mtins, .; dx (4)
pri
L o1 (Linssoe (Ulsecondary)
' _ my—1$n;— inssec ( J_secondary
Elnssecondary - KS 2j=1 Zi:l 0 < 2Tt insgec > dx (5)

Moreover, magnetic energy on the spacer that is between the windings is described as

follows. The following model is more accurate than the model described in [34].

. 2
_ my iy (lspe (Ulprimary
Espacer = Bspacer Zj:l Zizl 0 ( W dx (6)

In (4), (5), and (6) Linsprirtinssee: and tg,. are insulation thickness between primary
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conductors, insulation thickness between secondary conductors, and insulation thickness
of the spacer, respectively.

To find the magnetic energy inside the conductors, by using the Maxwell equations

and the procedure described in [34], the following equation should be solved:

= j@nf ot ™

where H, o, and f are magnetic field strength, electric conductivity, and frequency

respectively. Also, the skin depth is necessary to be defined here:

__\2
6= J2rnfuo (8)

As is clear in this equation, by increasing the frequency, the skin depth, which shows the
penetration of current inside a conductor, decreases. In other words, the skin effect
intensifies.

Magnetic energy on the primary winding parts is discussed in [34]. However, for a
better accuracy the following energy distribution is described as follows. The following
model is more accurate than the model described in [34]. Therefore, the magnetic energy

on the primary windings can be calculated:

Ey

nay =y [ (25t 1) (oo )

2H11H21(tcondpn-)l ©)

By following the same steps as the primary, the magnetic energy for the secondary is

calculated. The following model is more accurate than the model described in [34]:
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Figure 7. Conductor arrangements in right window. a) arrangement a. b) arrangement b.
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Esecondary = nZKS [% <ez(%)tcondsec — 1) — ZEI&) <e_2(%j)tcondsec _ 1) 1+
8 5

2H12H22(tcondsec)l (10)

Detailed procedure of finding Hy,, Hy1, Hy2, and H,, coefficients is discussed in [34].

Leondpy and t;onq,,, are the primary and the secondary conductor thicknesses, respectively.

As a result, the leakage inductance is achieved by the following equation and

using the energy method:

2 (Einsprimary +Einssecondary+ Espacer"'Eprimary +Esecondary) (1 1 )

Lleakage inductance — 2.
primary

4. CAPACITANCE CALCULATIONS

There are several parasitic capacitance values in a transformer structure. The
number of parasitic values depend on the conductivity of the core. If the core is conductive,
there are more parasitic values, which are placed between the core and the windings. In
this section, scenarios of both conductive and nonconductive cores are investigated to
calculate the parasitic capacitances. Figure 8 illustrates some of the parasitic capacitances
in the right window of the transformer; the left window has a symmetric distribution. The
rest of the parasitic capacitances are represented in Figure 9 (inter-winding and intra-
winding capacitances). If the core is conductive, the parasitic values of both Figure 8 and
Figure 9 should be considered, but for a nonconductive core, only the parasitic values of

Figure 9 should be taken into account.



Figure 8. Parasitic capacitances between windings and a conductive core.

Figure 9. Inter-winding (Cps) and intra-winding (Cp and Cs) capacitances.
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To find the parasitic capacitances, the energy method is used. The following

equations describe the parasitic capacitances of Figure 8 and Figure 9:

1
Etotal stored energy — m1 C Cll( Pmi ) ECpcl(V%J - VC)Z (12)
73
mei - ml (13)

€DcoreNiteond r

Cpeti = o 14
pell tB+tinspri+(l_1)tcondpri ( )
mie v )
C _ Zizl pCll( Pmi_ c) (15)
cl —
p (Vp_Vc)2
v,
—
Prni 7 o, (16)
_ eDcoremltcondpn-
Cpezi = . (17)
tB+tinspri+(l_1)tcondpri
2
1 . —
c _ 2 GpeailVop~Ve) (18)
pez (Vp—Ve)?
_ SDcorenltcondpn-
Cpezi = : (19)
pe3t Ty tp—it +t;
B condpn- nspri
M Coesi( Ve, ~V, i
Cppg = =22 ot (VomiVe) (20)
pes (Vp—Ve)?
Vs
Smi = m, 21)
Coii = €DcoreNzleondgec (22)
sell tB+tinssec+(i_1)tcondsec
Y2 Cocni( Vs~V i
C _ L= scll( Smi c) (23)
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Csczi — core condsgec (25)

tB+tinssec+(n2 —Dtcondgec
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Figure 10. Two successive layers.

(@) (b)

Figure 11. Conductor winding arrangement. a) Winding arrangement type I. b) Winding
arrangement type I1.

. |'|"1C,‘Z£\:2‘\{\//CST;ZI-VC)2 26)

CBC3| _ EDC(-)renzlconds- (27)
w tB itcondsec+tinsSec
csai{vSmi-vo2 28
~ (V2 (28)
To find the interwinding capacitance (Cps), the detailed procedure is explained in [34]. By
following the method described in [34], Qos can be found:

¢ _  znl(™+ tBHnltcondpr.)2-(gjp +tB)J

Psij (ni—)tcondpri+ (j—)tcondsec+tinspri+tinSsec+tB

(29)
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R W (5] n; i 1 2
Cps = Xi21 221 Cpisj-(ng + Nend +

) (30)

Nnin,
where Deore, tg, N, Vp, Vs, and V; are core depth, thickness of bobbin, turn ratio, primary
voltage, secondary voltage, and core voltage, respectively. Note that, t5 and ¢4, are equal,
here. V. can be calculated by the numeric methods such as FEM.

To find C» and Cs, using the parallel plate method is not accurate enough. In order
to find these parameters, it is important to note that due to the small voltage increase per
turn, the stored energy between adjacent conductors in a given layer is negligible, and the
main stored energy is between two adjacent layers. Therefore, by considering the layers to
be cylindrical shapes and the winding conductors to be orthogonal shapes, as shown in

Figure 10, the capacitance and the stored energy between any arbitrary two layers can be

calculated. Using the energy technique, the capacitance between each two successive layers

of the primary is:
2enmqiteond.....
_ pri :
Cp,layer,i - Dcore+t it ’ 2<i< my (31)
2 BT condpyi
n( Deore ; )
2 B

Hence, the energy between the iy, and i — 1, layers will be:
Elayercii-1) = %Cp,layer,ivpz,i,i—l (32)
Voii-1 = Vpi = Vpi-1 (33)
The voltage between each two successive layers (V,;;_1) depends on the winding

arrangement direction. In many applications, the winding arrangement direction of type I,
which is shown in Figure 11(a), is desirable. However, in some high voltage/power
applications, in order to reduce the tension between the layers and to decrease the insulation

requirement, type II, which is shown in Figure 11(b), is preferable to type L.
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Wi .
—222 ) widing arrangement type |

Vp,i,i—1 = ™ (34)

V ;. . .
=2, widing arrangement type 11
1

Equation (35) represents the energy equation in the primary:

1 _1am 2
E Cp%z - 52i=12 Cp,layer,i Vp,i,i—l (35)
Therefore, the primary winding capacitance, Cy, is:

4C i
mq player,i .y
Zi:ZT' widing arrangement type |

C, = ' (36)

m, Cp,layer,i . g
Zi:zT' widing arrangement type Il

Note that in cases with one-layer winding (m; = 1), if the core is conductive, then there is
a parasitic capacitance between the winding and the core, which can be defined as:
Cp,m1=1 ~ 4Cpc1 (37)
Equation (37) assumes that the core depth (D, ) 1s equal to the middle leg width (MLW).
By following the steps taken for finding Cp, the capacitance of secondary winding, Cs, can

be calculated by (38)-(40):

C _ 2emn, teondsec
slayer,i — Dcore

In(—2

,2<i<m, (38)

+tB+i'tC0ndseC
Dcore

2Vsecondary

- , widing arrangement type |
2

(39)

sLi—=1 = Vsecondary

, widing arrangement type 11

m, 4'Cs,layer,i . g
Zi=2 T, Wldlng arrangement type I

CS - my Cs la2 er,i f g (40)
Zi=22%%': widing arrangement type Il

with the same assumption as the primary winding, the one-layer winding capacitance
between the secondary and the conductive core is:

Cs,m2=1 ~ 4Cgcq (41)
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by finding all the parasitic parameters of a transformer, the following expressions, which
are the total parasitic capacitances, can be defined as:

(Cpc1+Cpc2+Cpca)(Csc1+Csc2+Csc3)
Cpc1+Cpe2+CpeatCsc1tCsez+Cses

+ Cps (42)

Cparasitic =

Cr = Cparasitic + Cp + G (43)

5. TRANSFORMER STRUCTURE OPTIMIZATION

By using the parasitic parameter equations, the optimal transformer structure
dimensions can be found. The optimal dimensions minimize both the leakage inductance
and the parasitic capacitance of a transformer. With this in mind, the cost function of (44)

is defined as:

Cr

Leaae
fo = a2 4 (1 —a)

base base

0<a<l1 (44)

where Ligqrage and Cr are given in mH and pl, respectively. Lbase and Coase are 1mH and
1pF, respectively. Equations (45), (46) describe other parts of the transformer structure that
were mentioned in the analytical models discussed in sections 3 and 4:
Deore = MLW = 10ty = 30 mm (45)
tinsy = tinsgee = 0-158cond,,,; (46)
Pareto-optimal technique can be performed under a variety of constraints including
but not limited to:
I) a fixed number of turns as the window area changes

II) a fixed window area while the number of turns is constant
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III) a fixed utilization factor (i.e. the number of turns is a linear function of the window
area).

These constraints are studied in this section. The selection of the constraint depends
on the topology and application of the power converter. By assuming the conditions of
equations (45), (46) the f.-w- a and f.-w- h graphs for conductive and nonconductive cores
can be shown when the window area or/and number of turns are fixed. Figure 12 shows
the f.-w- a graphs for the number of turns of 400 and 450 with the window area of
1800mm?.

Furthermore, by changing w and A, the cost function changes. Figure 13 shows the
fc-w- h graphs for conductive and nonconductive cores when the number of turns and «
are constant. Figure 13 is obtained by considering the number of turns 400 and 450 and «a
equals to 0.5. Moreover, Figure 14 shows the cost function variations for conductive and
nonconductive cores when w, 4 and the number of turns change and a equals to 0.5. In
Figure 13, as the width and height of the window area increase, the number of turns increase
by the filling utilization factor, which is defined by equation (47):

wih;

FUF = (47)

Wi—1hi_4

Figures 12-14 show that for a fixed number of turns, which is a fixed magnetizing
inductance and/or a fixed window area, changing the parameters can lead to an optimal
design for the transformer structure. Also, for a fixed filling utilization factor of the window
area, which leads to the different number of turns and magnetizing inductance, by changing
the parameters, the optimal values can be found. Each of the two aforementioned strategies
can be used for designing optimal HFTs/pulse transformers with lower parasitic

parameters.



150

Alpha W(mm)

(a) (b)

Alpha W(mm) Alpha W(mm)
(c) (d)
Figure 12. fc-w- a graphs. a) Conductive core, #=400. b) Conductive core, #=450. c)
Nonconductive core, #=400. d) Nonconductive core, #=450.

(c) (d)
Figure 13. fc-w- h graphs. a) Conductive core, #=400. b) Conductive core, #=450. c)
Nonconductive core, #=400. d) Nonconductive core, #=450.
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The optimization based on the three mentioned strategies is performed to design
winding arrangement, geometry structure, and number of turns so that the defined cost
function minimized. For the first optimization strategy, first the alpha parameter should be
set based on the system/converter that this HF transformer is going to work on. Then based
on the number of turns and window area the optimized measurements can be found.

For the second optimization method, the number of turns should be designed and
fixed first, then the window area needs to be designed as well. Moreover, for the fixed
window area, there are many combinations of width and height (W x H = const.). The
optimization here should perform so that the width and height of the structure geometry
can be set optimally. Therefore, the cost function variations based on the mentioned
parameters is the goal ofthis optimization strategy.

The third strategy focuses on optimizing the number of turns and the window area
with each other. In this optimization technique, the number of turns, window width, and
window height should be designed interactively. Therefore, this optimization strategy,
focuses on considering both window area and number of turns at the same time by

considering the cost function.

Ulmin) W(mm)

(a) (b)

Figure 14. fc-w- h graphs. a) Conductive core. b) Nonconductive core.
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Figure 15 shows the flowchart diagram of the optimization method that is used in
this paper. This flowchart is based on parasitic analysis, defined cost function, pareto-
optimal design, FEM/experimental results, EMI noise level, and IEC61800-3 standard.

In the CM EMI reduction, the most important impedance is the HF transformer
interwinding capacitances. Because these parasitic provide the circulating path for the
noise. In the matter of differential mode noise reduction, leakage inductance reduction is
quite effective. Because it leads to lowering the noise current circulating in the loops and
reduce the spikes in the current and voltage waveforms. In the optimization process, with
the fixed number of turns (N), the magnetizing inductance does not change and only
parasitic capacitances and leakage inductances were modified. In other words, the proposed
optimization method does not affect other operating parameters and only focus on the EMI
reduction in the system. A depth analysis regarding the mentioned points is discussed in
[36]. As discussed in [36], the EMI mitigation process with respect to the optimization of
the HF transformers not only depends on the impedance analysis but also is independent

from operating parameters.

6. ANALYSIS OF PARASITIC PARAMETERS

In sections 3 and 4, leakage inductance and parasitic capacitance are formulated
for the transformer structure. The obtained analytical expressions can be applied to any
high voltage level, high power rating, frequency, and core volume. Additionally, in section
V, the optimal design graphs for the transformer structure are obtained. In this section, to

validate the analytical models of the parasitic parameters the transformer structure and
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winding arrangement is investigated. To remove the effect of impedance transferring from
secondary to primary, the turn ratio is set to 1. Moreover, in this section, FEM and

experimental results are obtained and compared with the analytical models.

6.1. ANALYTICAL VERIFICATION I

By solving equations (11) and (42) and by increasing the width of the window
area (w), the leakage inductance variation and the parasitic capacitance variation for both
the conductive and nonconductive cores are shown in Figure 16. Since the number of turns
for both the primary and secondary is assumed to be fixed, as the w increases, the height
of the window area (hl and h2) decreases, so that the area of each
window (w x(h1+h2)) is constant. In other words, by increasing w, the layers (m1 and m2)
increase, and the number of conductors per layer (n1 and n2) decrease. The number of turns
is 400 and equations (45), (46) are still valid. The results of Figure 16 are based on the
analytical model expressions shown in sections 3 and 4. In order to validate these results,
3D-FEM simulations are used. Figure 17 shows the front view of the magnetic field
strength distribution during the short circuit test, and Figures 18 and 19 show the front view
of the electric displacement field distribution. The window area parameters are shown in
Table 1.

Table 2 show the parasitic parameter results from FEM simulations. In the analysis,
the insulation material that used as bare conductor insulator is silicon varnish with
dielectric constant and a dielectric strength of 3.1 and 120kV/mm, respectively. Also, the
bobbin material is ABS plastic, with a dielectric constant and dielectric strength of 2.2 and

25kV/mm. The copper conductivity is considered 5.8x107. The core considered both
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conductive and non-conductive in the analysis based on the Ferrite-MnZn and Ferrite-
NiZn. By comparing the results of Table 2 and Figures 17-19, itis clear that as the magnetic
and electric fields intensify the parasitic values increase. Also, Table 2 and Figure 16 show

that the analytical expressions and FEM results are in a good agreement.

Table 1. Window area parameters of the transformer structures used for FEM.

Transformer Types hith, (Window  w (Window Width

Height (mm)) (mm))
Type | 180 10
Type Il 90 20
Type Il 60 30
Type IV 30 60
Type V 10 180

Table 2. Leakage inductance and parasitic capacitance. The results are for the transformer
structures shown in Figures 17-19 that resulted from FEM simulations.

Conductive .
Leakage . Nonconductive
Transformer Core Parasitic .
Tvoe Inductance Capacitance Core Parasitic
yp (mH) P Capacitance (pF)
(pF)
Type | 62.33 54.74 6.87
Type Il 24.61 48.53 13.67
Type 1lI 15.84 33.61 15.46
Type IV 10.34 56.87 34.31
Type V 1.76 158.63 147.15

6.2. ANALYTICAL VERIFICATION Il AND EXPERIMENTAL RESULTS
In the previous section, Analytical Verification I, the parasitic parameter variations
obtained for a fixed number ofturns and a constant window area. In this section, the leakage

inductance and the parasitic capacitance ofthe transformer structures, which have different
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numbers of turns, window width, and window height, are calculated by equations (11) and
(42). Also, the results are compared to the FEM simulation and the experimental results.
Based on the optimization results, these structures and dimensions show an approximated
optimized behavior in case of parasitic parameters and that is the reason of choosing these

structures.

Table 3. Window area parameters of the transformer structures shown in Figure 20.

h1+h2
Transformer (Window w (Window  Number of Turns
Types Height Width (mm)) (N)
(mm))
Type a 60 30 400
Type b-1 45 45 400
Type b-2 45 45 450
Type ¢ 30 60 400
Berticand Chocee A=Y S
Magnetic Design Parasitic Define Cost OP”_EIO costrractionV ES gy i enta A:::ﬂlﬂ!lm
Based ol the Arelysis Function piimal Levelis Results arc with

Technique ASatistying? /

A ASatisfying?,
Constrains e

Operating System JE CM 800-3?

Figure 15. Optimization flowchart diagram.

Table 3 shows the window area width and height for each structure. Types a, b, and
c in Table 3 are the same as Figure 20. Note that equations (45), (46) are still valid. Figure

21 shows the magnetic field strength distribution during the short circuit test in the
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transformer structures. Also, Figure 22 shows the electric displacement field distribution
in the transformer structures. The experimental results for the transformer structures are
shown in Figure 23. The experimental measurements were achieved by using the HP
Hewllet Packard 4284A and IET DE-6000 LCR meters. Figure 24 shows the leakage
inductance and the parasitic capacitance values that resulted from using different methods

for the transformer structures shown in Figure 20.

(a) (b) (©) (d)

()
Figure 17. Front view of the magnetic field strength distribution (A/m). a) Type I. b)
Type Il. ¢) Type Ill. d) Type IV. e) Type V.
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X0

@) (b) (©) (d)

(€)
Figure 18 Frontview of the electric displacement field (C/m2) distribution. a) Type I. b)
Type Il. c) Type Ill. d) Type IV. e) Type V.

(a) (b) (©) (d)

() 2
Figure 19 Frontview ofthe electric displacement field (C/m2) distribution. a) Type I. b)
Type Il. c) Type Ill. d) Type IV. e) Type V.

(a) (b) (©)

Figure 20. Transformer structures and the winding arrangements.
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(a) (b1) (b2) (©)
Figure 21. Magnetic field strength distribution (A/m). a) Type a. b1) Type b-1. b2) Type
b-2. c) Type c.
() (b1) (b2) ()

Figure 22. Electric displacement field distribution (C/m2). a) Type a. b1) Type b-1. b2)
Type b-2. ¢) Type c.

As is shown in Figure 24, there is an appropriate agreement among the results of
all three methods. The maximum deviations from the experimental results are in agreement
with the error analysis preformed in [34]. Therefore, the experimental results and the FEM
results verify the analytical models. In the analytical models shown in section 3 for the
leakage inductance, the frequency plays an important role. As the frequency increases, the
leakage inductance is expected to decrease, due to the skin effect. Figure 25 shows the
frequency response of the leakage inductance for the structures shown in Figure 20. As is
shown in Figure 25, increasing the frequency decreases the skin depth in equation (8),

intensifies the skin effect, and results in changing of the leakage inductance.
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(@) (b)
(©) (d)
() (f)
(9) (h)

Figure 23. Experimental results. a) Leakage inductance of type a. b) Parasitic capacitance
oftype a. ¢) Leakage inductance oftype bl. d) Parasitic capacitance oftype bl. )
Leakage inductance of type b2. f) Parasitic capacitance oftype b2. g) Leakage inductance
oftype c. h) Parasitic capacitance of type c.
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Figure 24. Leakage inductance and parasitic capacitance of the transformers. a) Leakage
inductance (mH). b) Parasitic capacitance (pF).

Figure 25. Frequency response of the leakage inductance.



()
Figure 26. EMI noise level after using pareto-optimal techniques. a) pareto-optimal
technique I. b) pareto-optimal technique Il. ¢) pareto-optimal technique IlI.
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6.3. EMI NOISE LEVEL AFTER IMPLEMENTING PARETO-OPTIMAL
TECHNIQUES

The pareto-optimal techniques and constrains that described in section 5 are
implemented to the high voltage pulse transformer of the system that is shown in Figure 1.
As mentioned before, in order for lowering the EMI noise level under the standard limits,
the EMI propagation should be blocked from circulating through the transformer parasitics.
Before the optimizations, the EMI noise level (that is shown in Figure 5) is far greater than
the IEC61800-3 limits. Figure 26 shows the EMI noise level of the system after
implementing the pareto-optimal methods. Three pareto-optimal techniques described in
section 5 are investigated here for noise attenuating. Figure 26(a) is the EMI noise level
after optimizing with pareto-optimal technique I, Figure 26(b) is the EMI noise level after
optimizing with pareto-optimal technique II, and Figure 26(c) is the EMI noise level after
optimizing with pareto-optimal technique III. All of the pareto-optimal techniques could
lower the EMI noise under the IEC61800-3 limits. The IEC61800-3 limits are 79dB(uV)
and 73dB(uV) for the frequency band of 150kHz — 500kHz and 500kHz — 30MHz,
respectively. All the techniques here are effective for the aim of EMI noise attenuating.
However, using which pareto-optimal techniques depend on the design strategy and costs

of the project.

7. CONCLUSION

In order for increasing the efficiency and improving the performance of power

conversion systems, it is very important to comply with EMC regulations and standards.
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Especially, the new generation of power converters, due to the advent of new fast switches
such as SiC and GaN. In this paper, the transformer geometry that shows an important
effect on the EMI propagation is optimized and the results could be used in the HF
transformer optimization for reducing the EMI in the AC-DC / DC-DC / DC-AC
converters. This paper, analyzed a power application that designed to perform with SiC
switches. The results not only present accurate parasitic parameters modeling but also
present how the HF transformer can be optimized for EMI purposes and also shows the
EMI variations based on the models and optimization. The EMI noise level of the system
was obtained and compared to the IEC61800-3 standard. The optimized geometry
structures were designed to show low-level parasitics. For this aim, pareto-optimal
techniques implemented into the cost function that defined based on the transformer
parasitics. The optimization could reduce the EMI propagation and reduce the EMI noise
under the IEC61800-3 standard limitations. As concluded in this paper, optimizing the
parasitics of the HF transformer is very effective in EMI mitigation and can remove the
necessity of using filters and other passive elements. In conclusion, the parasitic values in
power electronics system can be adjusted/limited by optimizing geometry structure of the
HF transformer. Therefore, the parasitics cannot flow from a winding to the other windings.
As shown in this paper, HF magnetic components optimization can reduce the EMI noise
level under the standard limits and in some cases this optimization technique can lead to

remove/minimize the EMI filters.
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1. EMC MODELING AND CONDUCTED EMI ANALYSIS FOR A PULSED

POWER GENERATOR SYSTEM INCLUDING AND AC-DC-DC POWER
SUPPLY

ABSTRACT

High voltage (HV) pulsed power generators are very important in plasma
generation in corona discharge reactors. With the advent of new fast switches technologies
such as silicon carbide (SiC) and gallium nitride (GaN), electromagnetic interference
(EMI) noise in such systems is very challenging. In this paper, electromagnetic
compatibility (EMC) modeling and conducted EMI analysis for a pulse generator including
an AC-DC-DC power supply are developed. Moreover, the common mode (CM) EMI
noise propagation through the system is discussed and the noise sources and effect of each
component on the noise flowing are analyzed. The AC-DC-DC power supply role is also
investigated and since there is an isolation stage in the system the effect of high frequency
(HF) transformers that provide a flowing path for noise is also studied. Additionally, the
CM impedance of different parts of the system as well as the noise voltage are discussed
by regarding different values for parasitic parameters of the system. As the system noise
level could not meet IEC61800-3 standard, EMI attenuation techniques were applied to the
system. By using balance technique and adding filtering inductor as a decoupling
inductance, the EMI noise is reduced. Furthermore, an EMI filter optimized and designed
for the power supply system that could reduce the EMI noise level. However, by using
some EMI reduction techniques that are explained in the paper, the size of the required

EMI filter is reduced. In this paper, EMC modeling, conducted EMI analysis, and EMI
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reduction techniques led to higher performance and efficiency and lower size of EMI filter

that reduced the overall size of the system.

1. INTRODUCTION

The efficiency and performance of power electronic converters are highly under
influence of the flowing EMI noise in the system. Removing and/or reducing EMI noise in
the systems not only enhances the overall performance and power density but also leads to
less expensive, smaller, and more reliable converters [ 1]-[3]. Modeling and analyzing EMI
noise in converters and applying noise attenuating methods can lead to removing or
minifying the EMI filters [4], [S]. In some converters, the EMI filters include 30% of the
size and mass of the converters. On the other hand, due to the complexity of the electronic
systems and new devices, the EMC standards are stricter on the new coming power
electronic converters such as the converters used in pulse generators, electric vehicles, and
extremely fast charging systems.

Power electronic switches are the main source of EMI noise in the systems, also
the parasitic capacitances between drain and heat-sink of the switches provide a flowing
path for the CM noise [6]-[8]. Moreover, in many converters due to the safety and technical
requirements, HF transformers are an essential part of the systems [9], [10]. In the HF
transformers the parasitic capacitance between the windings (inter-winding capacitance) is
the main path of CM circulation in the power electronic systems [11]. Analyzing the EMI
sources and impedances is the main key in studying noise models and EMI reduction

techniques of the systems.
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AC-DC-DC power supply are among the most popular and practical power
conversion systems. There are several switches in AC-DC-DC systems due to two-stage
power conversion and in many cases, there are HF transformers as well. Fig .1 shows the
AC-DC-DC converter and pulse generator that is used in this paper. The pulse generator
includes resonant capacitor charger and pulse shaping unit. The pulse generator used in
this paper is based on the scheme explained in [12]. In this converter the rectifier that is
placed after the line impedance stabilization network (LISN), provides relatively low
impedance for CM EMI sources. Also, dual active bridge (DAB) DC-DC converter
including an HF transformer alter the DC voltage level in the system and due to the HF
transformer, a low impedance path for the noise circulation is observable. In this converter
there are 16 main CM noise sources that lead to CM noise circulation in the system due to
the impedance of the switches and magnetic parts of the converter. The output of the AC-
DC-DC system is connected to the HV pulsed power supply that is used in non-thermal
plasma reactors. By advent of new SiC and GaN switches, which show high dv/dt and di/dt,
analyzing EMC is necessary in pulse generators to guarantee the robust generation of
plasma in corona discharge reactors [12].

In [13], the EMI analysis for converters are studied and modeled. However, lack of
accuracy and ignoring parasitic effects and impedances are the main problems. In [14],
EMI models and noise reduction techniques are discussed as well, but the proposed
methods and attenuation techniques cannot apply for an AC-DC-DC power converter. On
the other hand, some proposed methods such as [15] are only acceptable for a certain range
of frequencies. In [16], by using balance technique, noise is reduced and this method

removed the necessity of the EMI filters. In [17], the balance technique is discussed for



80
inverters and converters. In [18], the EMI analyzed in a series rectifier and inverter to drive
a three-phase motor. The proposed methodology in that paper is effective for a suitable
range of frequencies. However, the discussed converter did not include an isolation stage
and HF transformer in the analysis. Furthermore, in [19], parasitic capacitance analysis is
studied for the magnetic parts of an LLC converter. In that paper, CM noise impedances
are analyzed and the CM noise voltage is reduced. Regarding parasitic impedance analysis
in HF transformers, reference [20] investigated a detailed model for analyzing and
measuring of those parameters. However, the mentioned models and techniques were not
considered in an AC-DC-DC converter with rectifier and DAB. In [21], a boost DC-DC
converter is studied and the CM noise model is investigated. In that paper the equivalent
circuit of each part of the converter, is extracted for HF /VHF and by using superposition
theorem, different EMI sources are analyzed. By considering the methods and models used
in the aforementioned references it can be concluded that, analyzing EMI models for each
converter and system require different methods and novel analysis.

In this paper, conducted CM EMI noise modeling of a pulse generator including an
AC-DC-DC power supply is developed. The EMI equivalent circuit of the system is
explained and the effect of each component and each noise source is investigated.
Moreover, the noise flowing into the isolation stage of the AC-DC-DC system that provides
the path for noise circulating is analyzed. The CM noise voltage level and impedance of
the system are investigated and calculated. Furthermore, the effect of different parasitic

parameters values on the CM noise voltage is studied. Additionally, an optimized EMI
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Rectifier Dual Active Bridge Resonant Capacitor Pulse
Charger Shaping
Figure 1. Pulse generator system including the AC-DC-DC power converter.

filter is designed and studied and the effect of that filter on the power supply CM noise
voltage level is analyzed. As well, EMI noise reduction techniques are explained and used
for this system and by applying those methods the EMI level is reduced significantly to
meet IEC61800-3 [22] limits. Contributions of this paper are analyzing EMI noise and
developing new reduction techniques for a pulse generator system by considering the
power supply. In more detail, a novel method of EMI analysis and CM noise attenuation
techniques for the pulsed power systems are proposed by considering the noise propagation
ofthe feeding power converter. The EMI sources are considered based on the SiC switches
noise behavior. Moreover, optimized EMI filters for pulsed power applications are
designed and developed by considering both magnetic and parasitic behavior, which lead

to filter minimization or filter-free systems.

2. EMI NOISE MODELING

EMI noise consists of CM and differential mode (DM) noise. CM noise is far

greater than DM noise in this system. Based on the analysis, the CM EMI noise is at least
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EMI Measurement Port
Figure 2. CM conducted EMI model ofthe whole system.

ten times greater than DM noise. Hence, the CM noise is the main problem regarding EMC
issues. In order to find the CM EMI noise in the system depicted in Figure 1, the EMC
model for noise analyzing is illustrated in Figure 2. Two LISNs as low-pass filters and
known impedances are placed after the AC system for noise measurement purposes and
filtering the AC source harmonics injecting into the system. The approximate equivalent
impedance of two LISNs is considered 25Q. In order for reducing the EMI noise in the
system, a fully coupled inductor is placed before the rectifier. As shown in the model, the
switches are considered as noise sources, the inductors and capacitors are modeled for HF
and VHF with parasitic components, and the heat-sink to ground parasitic capacitances of
the switches provide CM noise path. Based on the source substitution theorem [23],
switches S1, S2, S5, S6, S9, S10, S13, S14, and S15 are considered as current sources and
switches S3, S4, S7, S8, S11, S12, and D1 are considered as voltage sources. These
current/voltage sources are the same as drain to source current/voltage waveforms of the
corresponded switches and anode to cathode voltage waveform for D1 diode.

In the EMC model of Figure 2, based on the superposition theorem in the circuit

theory, the CM noise does not flow in the loop made by upper switches. Thus, those
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switches are open-circuited. Among the capacitors C1, C2, C4, and C5 are considered
relatively large, thus these capacitors can be modeled as short-circuited in the CM noise
model at high frequencies and the series inductors and resistors of these capacitors can be
ignored. Also, the effect of the anti-parallel diodes of the switches are negligible in the

CM noise propagation.

1 2 m-l mi 1 nm-l m?2 1 1 mi m2
2 2 2 2
mi mi ml ml
ni 1w m m
@) (b)

1 2 1 2 m-i mi 11121 m2

2 2

m | 1121

ni ii2

()

Figure 3. Winding arrangement of the HF transformer at the right window. a) primary
and secondary wound on each other. b) Interleaved configuration with P-S-P-S
arrangement. c) Interleaved configuration with P-P-S-S arrangement.

The other important impedance in the CM noise modeling, which provides the main
path for the EMI noise is the transformer inter-winding capacitance. As shown previously

in [24], due to the skin effect, the leakage inductance value in high frequencies is negligible.
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Figure 4. Reduced circuit of the CM conducted EMI model.

(@)

Figure 5. Equivalent circuit and thevenin model. a) Equivalent circuit of the CM
conducted EMI model. b) Thevenin equivalent model of the system.

Moreover, the four-capacitor model of the transformer can be reduced to a 2-capacitor
model without compromising the accuracy of CM noise flowing [10]. Following equations

describe the CM current flowing through the parasitic capacitors of the HF transformer:
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I-cm-TI ~CpsITI ~t (ypril Tl ~secITIM Cps3TI AAYpri2jl  “seclf?) (1)

icm-T2 = CpsIT2~j(yprilT2 _ KseclT2) + "ps3T2~ft (ypri2T2 ~"seclT2) (2)

Also, QsITi, Qs3 , Gpslj,2, and (ps3j,2 values depend on the transformer structure and

winding arrangements. By using the following expression and the method used in [10],
[20], the parasitic capacitances should satisfy the following energy equation:

Npsl(Vpril_Tlor2 ~secl_Tlor2) 7 Qps3(Vpri2_Tlor2 ~secl_Tlor2~) ~

(3)

y _y™ —\prii_Tior2 vpriz_Tior2 VseciTior2~vsec_Tior
Vi~ s m1 m2 (4)

\p. and Vg are the voltage of the primary and secondary conductors, respectively and (ps.

is the capacitance between primary and secondary conductors. m1and m2 are number of
layers in primary and secondary, respectively. Rest of the variables are shown in Figure 2.

Consequently, the CM current can be expressed approximately by the following equation:

icm-TlorT2 ~ Zj=i Z_/=i PiSj~ (Mpi  Ks,) ®)

Figure 6. Magnitude ofthe Z12 impedance.
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Figure 7. CM noise voltage of the system.

ps. depends on the winding arrangement and the transformer structure. In Figure 3, three

winding arrangements are depicted. In these winding arrangements the primary and
secondary are wound on each other on the middle leg of an EE core. Figure 3(a) is the
regular winding arrangement with P-P-P-S-S-S configuration, Figure 3(b) is the
interleaved winding arrangement with P-S-P-S-P-S configuration, and Figure 3(c) is the
interleaved winding arrangement with P-P-S-S-P-P-S-S configuration. These three
arrangements are analyzed here since these configurations are more practical and popular
in HF isolation applications. The interleaved configurations are used to lower the leakage
inductance ofthe transformer but the parasitic capacitance ofthe interleaved configurations
is higher than regular arrangements. For the rest of this paper, Figure 3(a) is considered for

analysis.
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vs. for Figure 3(a):

2e-n-min {n1tcondpri &n2tconasec]
i 6
CpISJ V§[+m 1tcondpri.+(_/ I)tcondsec+tinssec ( )
0
Qﬂta]‘qm "ori
Table 1 System parameters.
Parameter
Parameter e Parameter value
description
Psystem System power 1500 VA
RMS voltage of
110 V
Vac the AC source 0
Vr_output Rectifier output 140 V
voltage
DAB DC-DC DAB voltage 140 V- 400 V
Converter
Pulse generator
Vmax maximum output 20 kv
voltage
fr Rectifier frequency 500 Hz
fDAB DAB frequency 1400 Hz
fog Pulse generator 1800Hz
frequency
L: L:inductance 20mH
L2 L2 inductance 22uH
L3 Ls inductance 22uH
ClL C:capacitance 1200uF
c2 C. capacitance 1500uF
C3 Cs capacitance 15nF
c4 C. capacitance 2uF
C5 Cs capacitance 1uF
Qvs. for Figure 3(b):
2s-n-min {n1tcondpri &n2tcondsec}
Ay —  a- ! (7

2+)tcondvri+ltcondsec+tinssec

2-+ltcondpr j+tl ~])tcondsecT’irﬁIi}
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Cp,s; for Figure 3(c):

2e-mmin {ng tcondpn- & Nateondsec)

Cpis: =5 (®)
pisj D, ..
= ?+(1_1'5)tcond t

(g L
?‘*’itcondpn-‘*'(i_l's)tcondsec_tins

rit/tcondsecttinssec

pri

N1, N2, Leondy, teondgeer Linsyri Linsgeer and D are number of conductors per layer for

primary, number of conductors per layer for secondary, primary conductors’ thickness,
secondary conductors thickness, insulation thickness between primary conductors,
insulation thickness between secondary conductors, EE core middle leg depth,

respectively. Consequently, by using the above equations for Cp, 5o the CM current flowing

through the transformer can be calculated by the aforementioned equations.

By considering the mentioned points, the EMC model can be reduced to Figure 4.
Furthermore, by using superposition theorem and considering this fact that the CM noise
cannot flow in the loops and must pass through the LISN, the EMC model can be simplified
to the equivalent circuit of Figure 5(a). Therefore, only voltage sources of Vs3, Vsa, Vs7,
Vss, Vsi1, Vsiz, and Vb1 are important in the CM noise model. The other noise sources
influence the DM noise model. V34, V75, and V1112 are the equivalent noise voltage source
and the average value of (Vs3, Vs4), (Vs7, Vss), and (Vs11, Vsi2), respectively. Likewise,
Cps13, Coee, and Cgnia are the parallel capacitances of (Cpsi, Cps3), (Cb, Ce, Ce), and (Cg, Ch,
Cx, C1). Additionally, by using Thevenin theorem, the reduced circuit of Figure 5(a) can
represent in Figure 5(b). Inductor line of the system and CM filter is combined into Zi2.

The coupled inductor of the CM EMI filter is assumed to be fully coupled (k=1). Also, Za,
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Zice, Za, Zt, Zenki, Zr, and Zps13 are the corresponded impedance of the Ca, Coce, Cd, Ct, Cehk,

Cr, and Cps13 capacitors. Cr, Zm, Vi, Vecm, and Z12 are shown in the following equations:

CA = CT‘ + Cghkl + ZCf (9)
_ CA'Cpsls
CB - CA+Cpsl3 (10)
CT - CB + ZCd + Cbce + ZCa (ll)
1
Zon = 7o (12)
2Zq
Vin = Vag —

ZZa+[(Zr||Zghkl||(sz))+zp513]||(sz)||zcbe

(ZZa)HZcbe
CZZcpe+[(ZrllZgnkill(2Z )+ Zps13]l1(2Z4)

[(ZZ)|Zcpell(2Za))+Zps13]l|(2Z5)
[(CZ|Zevell(2Za)) +Zps13 | (2Z ) +Zr || Zghia

1112 —

[((2Za)||Zcbel|(2Za)) +Zps1all[RZ )1 Zgnit
[(2Z)||Zevel|(2Za)) +Zps1a I RZPZghii+Zr

Vp1 (13)
Vo = ZLISN V.
cm — th (14)

ZyIsNtZi2+Zep
&)-
2

Zi=|j-o-(1+k)-2

| 1
j(JJZCLl

jowRp(1+k)Ly (15)
2Rp1-2w2Ry1 (1+k)L1Cpy+j20(1+k) Ly

Additionally, to consider the influence of skin effect, equation (16), model the frequency

effect in the inductors by using Kelvin functions based on the Bessel functions.

INGY ber(‘r )be <\/—5D> bel(J—D> (
b : [ber! (J—D>]2+[bel’<%>] ] (16)

L(w) = Linitiar -

In the above equation, D is conductor diameter and § is the skin depth that is defined in the

following equation:
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2
WOl

(17)

Equations (16) and (17) are based on the analytical modeling of HF isolation applications
that discussed in [25] and [20], respectively. In equation (16), ber, ber’, bei, and bei’ are
Bessel functions. Modeling the skin effect led to accurate results and exact inductance

values in HF that is important in EMI modeling and noise attenuation.

3. IMPEDANCE AND CM VOLTAGE ANALYSIS

In this section, impedances and CM noise voltage of different parts of the system
is analyzed. Additionally, the effect of various capacitances and different inductance values
of the EMI filter on the CM noise voltage is analyzed. Table 1 shows the system
parameters, which are used in the analysis. As is clear in the previous section equations,
the system CM noise voltage depends on the Zi2, Zm, and Vi and these parameters are
under influence of the parasitic values of the system. Hence, changing and controlling the
parasitic values is a key method in CM noise voltage attenuation, especially at HF

frequency bands.

3.1. CM NOISE VOLTAGE ANALYSIS IN THE SYSTEM

CM noise voltage and impedance of the system including AC-DC-DC power
supply and pulse generator is shown and analyzed here. Figure 6 shows Z12 impedance,
which is the combination of the CM EMI filter and line inductor impedances that is shown

in Figure 2. Since L1z (corresponded inductance of Zi2)is in order of mH and Cr is in order
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of pF/nF, in the EMI range of 150 kHz-30 MHz, Zi. impedance is much higher than Zth.
Thus, by considering equation (14), Z12 is the main impedance that controls the CM noise
voltage. Zi2 impedance increases up to 1.5MHz. After 1.5MHz, Z:2 impedance decreases
due to the parasitic capacitance and the skin effect ofthe inductor. Changing Zi2 impedance
by using different inductance values and different inductors lead to lower CM noise
voltage. Also, changing the CM filter location from AC side to DC side can alter the CM

voltage.

(a)

(b)
Figure 8. CM noise voltage of the system with variable L1. a) Frequency band of 150kHz
- 1MHz. b) Frequency band of 1MHz - 30MHz.
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Figure 7 shows the CM noise voltage of the system without Z12 EMI filter, the CM
noise voltage of the system with filter, and IEC61800-3 standard limits. The IEC61800-3
limits for this category are 79dBuV and 73dBuV for the frequency band of 150kHz —
500kHz and 500kHz - 30MHz, respectively. Comparing these curves shows the
importance of the CM inductor in the system. Additionally, it is clear in Figure 7 that in
the system without the filter, the CM voltage is above the standard limit at the large
frequency band of 260kHz — 30MHz. In the system including the filter, the CM noise
voltage does not meet the standard requirements at frequency 170kHz — 450kHz, S00kHz
- 1.2MHz, and above 4.4MHz. In spite of the effectiveness of the CM filter, it cannot
completely satisty the standard requirement and this means that other methods should be
taken or/and the filter should be optimized.

Because of Zi12 dominance over the Thevenin impedance, the inductor of the EMI
filter can change the CM noise voltage in a wide range. However, the skin effect, parasitic
capacitance, and parasitic resistance of the filter prevent the linear relation of the
inductance value and the CM noise voltage over the frequency band of 150kHz — 30MHz.
By varying the inductance value of the EMI filter, the CM noise voltage is calculated over
the EMI frequency range and depicted in Figure 8. For a better visibility, Figure 8(a) shows
the variation in the frequency band of 150kHz — 1MHz and Figure 8(b) shows the
frequency band of IMHz — 30MHz. As is clear in Figure 8(a), as the inductance increases
the CM noise voltage peak reduces but occurs at a lower frequency. Moreover, in Figure
8(b) it is clear that lower inductance leads to high CM noise voltage and significant
divergence from the IEC standard limit. However, Figure 8(b) shows that at the frequencies

higher than 10MHz, the effectiveness of the inductor is decreased significantly. The other
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important impedance that controls and affects the CM noise voltage is Zth. As is clear in
(14), Zthis a major player in the CM noise voltage. The effect of Zth is not as much as Zi.

However, this impedance has a significant role along with Z:. for CM EMI
attenuation. As shown in the equations of section 2, Zth is directly related to Ct. selecting
different switches and components for the system as well as adding capacitance to some
specific parts ofthe system can change Ct that led to different Zth. In order to illustrate the
effect of Ct on the CM noise voltage, Figure 9 shows the 3-D variation of the CM noise
voltage over frequency and parasitic capacitance. Figure 9 is showing the CM noise voltage
of the system including the EMI filter. For better visibility Figure 9 is depicted in four

parts.

@) (b)

©) (d)

Figure 9. CM noise voltage of the system with variable Ct. a) Frequency band of under
1MHz and Ct of 0-1000pF. b) Frequency band of 1MHz - 30MHz and Ct of 0-1000pF.
c) Frequency band of under 1MHz and Ct of 0-8nF. d) Frequency band of 1MHz -
30MHz and Ct of 0-8nF.
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Figure 10. CM noise voltage of the system. The Frequency band is 150kHz - 30MHz and
Ctofunder 50pF.

Figure 11. Sensitivity of the CM noise voltage to L1in the whole system.

Figure 9(a) and (b) show the CM noise voltage variation for parasitic capacitance
between zero and 1000 pF and Figure 9(c) and (d) show that variation for 1nF - 10nF.
Also, Figure 9(a) and (c) show the CM noise variation for frequency band of 0 - 1MHz
and Figure 9(b) and (d) show that variation for 1IMHz - 30MHz. As is clear in Figure 7 and
Figure 9, at lower values of CT, the difference between the CM noise voltage and

IEC61800-3 is the lowest. For the frequency band of 1IMHz - 30MHz, the CM noise
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voltage does not change significantly for the parasitic capacitances that are higher than
100pF. Figure 10 shows the CM noise voltage over the frequency band of 150kHz -30MHz
with Cr of under S0pF. As is clear in this figure, the CM noise voltage is under the limits
of IEC61800-3.

Since, in most of the power electronic systems, Cr is expected to be higher than a
few hundreds of Pico Farad, the noise attenuation strategy should focus on reducing Cr
and/or designing an effective EMI filter. A trade-off is expected between the filter volume
and adding new components to the system. Furthermore, in order for analyzing the

sensitivity of the system to L1, the following equation is defined:

dVvem L
SH™ = S (18)
dL, Vem

This equation shows the sensitivity of the CM noise voltage to L1 in the EMI
frequency band. Figure 11 shows the sensitivity function. As is clear in this function, the
CM noise voltage sensitivity at 250kHz is the highest and after this frequency the
sensitivity decreases. This variation shows that at higher frequency bands the role of
parasitic parameters in the CM noise voltage intensifies. Therefore, in EMI filter designing
or other attenuation methods, the strategy should be based on decreasing the parasitic
parameters influence after 250 kHz and/or placing EMI attenuation passive components by

regarding the mentioned frequency.

3.2. CM NOISE VOLTAGE ANALYSIS IN AC-DC-DC POWER SUPPLY
In this part, the CM noise is analyzed for the AC-DC-DC power supply including

the AC source, rectifier, and DAB DC-DC converter. This system is a popular system in
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power conversion and its analysis can lead to performance improvement and efficiency
enhancing.

Figure 12 shows the CM noise voltage in the AC-DC-DC power supply with
different Cts. As shown in the last part, for limiting the CM noise voltage under the
IEC61800-3 standard, Ct should be decreased and optimized along with the CM EMI filter.
By assuming that Ct is optimized to lower the CM noise voltage, Figure 12 shows the
variation of the CM noise voltage with the regular EMI filter and line inductor (Z12) and
Ct with Pico Farad order values. With a Ct of 1000 pF, the CM noise voltage is higher
than the standard at the frequency bands of 150kHz - 400kHz, 500kHz - 600kHz, and
higher than 8MHz. For Ct of 100pF and 50pF, the CM noise voltage decreased and
improved. However, these capacitance values do not meet the IEC61800-3 at some
frequency bands. For Ctof 10pF, the CM noise voltage meets the standard better than other
capacitances, however for the frequency band of 17MHz -30MHz other attenuation

methods should be considered as well.

Figure 12. CM noise voltage of the AC-DC-DC power supply with different Cts.
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Figure 13. EMI filter circuit with parasitic parameters.

3.3. OPTIMAL EMIFILTER DESIGN FOR AC-DC-DC POWER SUPPLY

In order for effective designing of the EMI filter, Figure 13 shows the CM EMI
filter with the components and parasitics. To find the inductance, capacitance, and parasitic
values ofthe filter, equation (19) is defined. This equation is the difference ofthe CM noise
voltage ofthe AC-DC-DC system and IEC61800-3 standard.

Vem - 79 dbuV 150 kHz < f <500 kHz
F-Vcm  VemlEC-~Vcem_ 73 dbu]/ so0 KHz<f <30MHz (19)

Moreover, fcme and fome, which are the cut-off frequencies are defined by the following

equations:
.  F(SOkHz)  _ [7em(@/=150fcffz)-79)
foml = 150kH2 giF@/=150chz) 317cm-79| (@/=150fcffz) 0
. _FEMH)  _ Vem(@=30MHy)-73]
fom2 = 3OMHZ - b ora0my) — - Ivom 73/(@=30MHy) ey

Additionally, by following the procedure explained in [5] and [26], Lcm and the parasitics

of the filter shown in Figure 13 can be found by the following equations:
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1
Lem  gnofeml'Gym (22)
. EPLC
max {Lwire} = 8-n2¢ce 'foemi 'GaM o (23)
1
max {EPCLcm 24
{ b oy il T @)

The filter is designed based on the toroidal core in four different structures and
winding configurations. Figure 14 shows the toroidal core and the side view and front view
of the inductor and Figure 15 shows two winding arrangements used for the inductor. By
assuming a MnZzZn ferrite core with a permeability of 1000, maximum flux density of 0.4T,
30 turns per winding, and by using AWG#11 for the conductors of the windings, the filter
parameters are shown in Table 2. Type I and Type Il are the same as winding arrangements
of Figure 14(a) and Type Ill and Type 1V are the same as winding arrangements of Figure
14(b). Table 2 shows the difference of the parameters for different winding arrangement
and configuration of the same filter. For showing the temperature stability of the filter, by
using FEM, Figure 16 depicts the temperature distribution and the temperature rise of all
four types of the filters at steady state conditions. As is shown in Figure 16, the maximum
temperature in the filters will be 390 K° that is a 97 K° temperature rise from the room

temperature, which is under the limits of the IEC62477-1 [27] standard.

(a) (b) (c)
Figure 14. Torioidal core views. a) Toroidal core. b). Front view of the toroidal core c)
Side view ofthe toroidal core that shows the depth ofthe core.



99

Figure 15. Winding arrangements of the inductor. a) Toroidal core with 3 layers for each
winding. b) Toroidal core with 1 layer for each winding.

Table 2. Filter parameters.

Parameter Type | Type Il Type lll  Type IV
A(mm) 72 94 72 94
B(mm) 28 14 28 14
H(mm) 80 50 80 50

LoM(mH) 125 125 125 125
CeM(nF) 75 75 75 75

EPRLOMKQ) 9 9 14 14
EPCicm(pF) 64 56 25 18
Lwire(uH) 75 75 4.3 4.3
EPLccM(nH) 7 7 7 7
EPRccM(mQ) 180 180 180 180

By using the designed filter and assuming the Z2 is as the line inductor of the

system, the CM noise voltage for different Cts are shown in Figure 17. As is shown in
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Figure 17 the CM noise voltage is controlled under the standard limits for all four possible
Ct of the system. However, the CM filter does not show significant progress compared to
the conventional EMI filters regarding performance, volume, and power loss. Hence,
limiting the CM noise with the conventional filter is not still the optimal solution. Using
balance technique, decoupled inductors, and hybrid techniques with small and optimal CM

filters can be the effective alternatives.

(a) (b)

() (d)

Figure 16. Temperature distribution of the inductor of the EMI filter. a) Type I. b) Type
Il. ¢) Type lll. d) Type IV.
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Moreover, by using equation (18), the CM noise voltage sensitivity to L1 in the AC-
DC-DC power supply is shown in Figure 18. The sensitivity after 2MHz starts to decrease.

This frequency is almost 8 times of the corresponding frequency for the whole system.

4. CM NOISE ATTENUATION TECHNIQUES

In this section the EMI noise reduction methods are used and analyzed to attenuate
the CM noise of the system along with optimizing and minifying the EMI filter. The
balance technique that is based on the Wheatstone bridge and superposition theorem is the
first method that is analyzed here. Furthermore, by using an added inductor for the pulse
generator that is placed in the grounding path, the CM noise impedance increases and leads
to lower EMI. The effect of the added inductor on the CM noise voltage is analyzed. This
inductance also creates a safety impedance in the grounding route during the short circuit

faults.

4.1. BALANCE TECHNIQUE FOR NOISE SOURCES
By short circuiting all voltage sources except V34, the equivalent circuit of Figure
5(a) can be reduced to Figure 19. Z; is defined in the following equation:
2, = [(Zr1Zghkl||(2Z)) + Zps13]||(2Zd) (25)
Based on the Wheatstone bridge, equation (26) should be satisfied to minimize the effect
of the noise source. This requires to parallel an additional capacitor with Cbee, which is

explained in the balance technique of V7s. The other technique that can be used here is to
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add ZIlto the system, as shown in Figure 20. The new balance equation is defined in

equation (27).

Figure 17. CM noise voltage of the AC-DC-DC power supply. The optimized designed
EMI filter with various Cts were applied.

Figure 18. Sensitivity of the CM noise voltage to L1in the power supply.
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Cbce ZypisNn+Z12

2ca 7, (26)
Cbce Z12
20a 244 27

By assuming Z;; to be 20nF, the CM noise voltage at low frequencies and middle
frequencies attenuates.
By using the balance technique for the noise source of Vs, the reduced equivalent
circuit can be depicted in Figure 21. Z, and Z; are defined in the following equations:
2, = [Zysy +Z12]||(2Za) (28)
Z3 = [(Zr)|1Zghkl||2Z)) + Zps13)] (29)

The balance equation of V7s noise voltage is defined in the following equation:

Chce %
2cd 2, (30)

In order for closing the right side and the left side of the equation (30) together, Ca1 = SnF
is added to the ground path of the rectifier. This capacitor is paralleled to Coee capacitor
and increases the ground path capacitance of the rectifier and low voltage side of DAB.
The effect of this added capacitor in middle frequencies is higher than low and high
frequency bands.
Moreover, the balance technique is used for Viiz and the equivalent circuit is
shown in Figure 22. Z, and the balance equation are defined in the following equations:
2y = [(Zysy + Z12)||(2Za)||Zbce||(2Zd)] + Zps13 31
To reduce the noise effect of Vii12, Ca2=8nF is added to the ground path that is paralleled
to Cenki. This added capacitor is effective at low frequency bands and can decrease the

amplitude of the CM noise voltage at some low frequency peaks.
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Figure 19. Balance technique equivalent circuit for Vsa.

Z 1l

Figure 20. Balance technique equivalent circuit for V34with added component.

Figure 21. Balance technique equivalent circuit for Vvs.
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The other noise source that should be analyzed here is Vdi. For balancing the noise
source, Z% is added to the ground path of the pulse generator, paralleled with Cr. The
equivalent circuit is illustrated in Figure 23. Z5and the balance equation are shown here:

~s = K(Zlisn + Z12)H(2Za)NZfcceN(2Zd)) + Zps13]||(2Z/) (32)

Cr il
Cghkl W% (33)
By considering the balance equation, Z5 is considered 10nF. This added capacitor reduces

the CM noise voltage in most of the frequency bands, even high frequencies. This added

capacitor increases the impedance ofthe CM noise regardless ofthe frequency band.

4.2. ADDING FILTERING INDUCTOR FOR PULSE GENERATOR

Instead of grounding the pulse generator directly, an additional inductor is added in
the grounding path. This inductor not only provides a safe path for passing the possible
fault currents, but also increases the CM noise impedance in the EMI analysis. Figure 24
shows the added inductor configuration. Based on the IEC62477-1 safety standard, a 75"H

inductor is used here for the pulse generator grounding.

Figure 22. Balance technique equivalent circuit for Vi112.
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Figure 23. Balance technique equivalent circuit for VVdi with added component.

Figure 24. Filtering inductor added to the pulse generator.

Figure 25. CM noise voltage of the system with added components.
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43. CM NOISE WITH ADDED COMPONENTS AND FINAL SCHEME

In the last two parts, by using the balance technique and filtering inductor, the CM
noise voltage is balanced and reduced. Figure 25 shows the CM noise voltage variation
over frequency by regarding the balance components and the filtering inductor. In Figure
25, the CM noise voltage for each added component is shown with only the corresponding
component and the line inductor and the filter combination of Z ..

As is clear in Figure 25, each of the added capacitors or the inductor, cannot
completely reduce the CM noise voltage under the standard limits. However, each added
component is able to attenuate the CM EMI for some frequency bands or reduce the
amplitude of the CM noise voltage for several decibels.

Figure 26 shows the CM noise voltage of the whole system by considering all

balance components and the added inductor. As is shown in this figure, the CM noise

Figure 26. CM noise voltage of the system with all added components.
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Figure 27. Added components to the system for EMI reduction.

voltage is well below the IEC61800-3. Figure 26 shows the effectiveness of the proposed
methods for noise attenuating. Moreover, Figure 27 illustrates the final scheme of the
proposed system that keeps the EMI noise under the standard limits and this figure shows
the added components. This configuration is comparable with the designed filter that
explained in section 3.

To satisfy the IEC61800-3 standard and keeping the system immune from the EMI
noise, both proposed scheme of Figure 27 and the designed filter can be used. However,
using the proposed method of Figure 27 instead of the designed filter can increase the
system efficiency and lower the system volume. The system volume depends on the
magnetic design and can vary in each system. In the system explained in this paper by
using the proposed scheme of Figure 27, the magnetic components of the EMI noise
attenuation can decrease up to 60% compared to the regular filter that is described in
section 3.

At the end it is important to compare the results with the experimental

measurements for validation. Table 3 shows the maximum deviation (dB) from the
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experimental measurements of the references that have similar arrangements and noise
behavior for the converters of this paper, which compensated with Wheatstone bridge
technique (WBT) and EMI filter.

In comparing the noise level results of this paper with experimental measurements
of the references, the number of noise sources and EMI propagation paths in the
corresponded converters were considered. This comparison method is based on equivalent
circuit of the EMI noise circulation and number of noise sources. As shown in Table 3,
there is a good agreement between the EMI noise results ofthis paper and the experimental
measurements of the references. The maximum deviation is less than 10% of the standard

limit.

Table 3. Maximum deviation from experimental measurements of the references (dB).

Rectifier DAB Whole
References
Converter Converter System
[10] N/A <5 N/A
Systems
[14] <3 N/A N/A
Compensated
[17] N/A <4 N/A
with WBT and
[18] <5 N/A <3
EMI Filter
[28] <6 N/A N/A
[29] <3 N/A <5

[30] N/A N/A <5
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S. CONCLUSION

In this paper, EMC modeling of a pulse generator including an AC-DC-DC power
supply is explained and analyzed. Additionally, conducted CM EMI analysis of the system
is investigated by considering EMI filter effect, the parasitic parameters of the components,
and the CM noise flowing in the circuits. The system components showed different weights
in the EMI analysis and some of the noise sources did not show a significant role in the
CM noise flowing, since the CM noise produced by those did not flow through the LISN.
Based on the impedances and noise analysis of the EMI equivalent circuit, the system
without EMI filter optimization and without adding additional components could not meet
the IEC61800-3. To meet the standard requirements, some EMI reduction techniques were
used for the system. The results show that each technique cannot lower the EMI noise under
the IEC standard by itself. However, applying all the techniques together into the system
and using required values for the added components in the suitable place in the circuit is
very effective in meeting the standard limits. The results showed that it is possible to reduce
the CM noise voltage to the desirable level by using an optimized EMI filter alone.
However, adding new components based on the EMI reduction techniques will lead to a
way smaller EMI filter, which reduces the overall size of the system and increases the
efficiency and performance. At the end, it is important to note that each system and power
converter require specific EMI reduction techniques and EMI filter optimization, and
compromising between the filter size and added components is necessary for the better

performance and higher efficiency.
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SECTION

2. CONCLUSIONS

This dissertation focused on the EMI noise modeling, analysis, and mitigation in
the power electronics systems. The EMI noise was analyzed and mitigated through
analyzing and optimizing the components such as HF transformers, inductors, and
capacitors; moreover, using the mitigation techniques and filtering. The results show that
optimizing the components and accurate analysis were very effective in EMI noise
attenuation. Furthermore, using other attenuation techniques separately and/or along with
the mentioned optimization were significant in limiting the EMI noise level under the
standard boundaries.

In the first paper, the novel and accurate methodology based on analytical method,
FEM, and experimental developed for finding the parasitic parameters of an HF
transformer. The results show that for one transformer with the same electric and magnetic
parameters, there can be a range of different values for parasitic parameters. Compromising
between parasitic values by selecting winding arrangement and transformer structure can
relate to other design factors, such as the facility of insulating, specific application,
transformer magnetic core selection and designing strategies, etc. The proposed
methodology in this paper shows that the transformer designing process, selected insulating
materials, insulation strategy, and winding arrangements cause a wide range of parasitic
behavior, which should be taken into account for an optimal design to minimize CM noise

and reduce EMI in the systems.
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In the second paper, the results not only present accurate parasitic parameters
modeling but also present how the HF transformer can be optimized for EMI purposes and
also shows the EMI variations based on the models and optimization. The EMI noise level
of the system was obtained and compared to the IEC61800-3 standard. The optimized
geometry structures were designed to show low-level parasitics. For this aim, pareto-
optimal techniques implemented into the cost function that defined based on the
transformer parasitics. The optimization could reduce the EMI propagation and reduce the
EMI noise under the IEC61800-3 standard limitations.

In the third paper, to meet the standard requirements, some EMI reduction
techniques were used for the system. The results show that each technique cannot lower
the EMI noise under the IEC standard by itself. However, applying all the techniques
together into the system and using required values for the added components in the suitable
place in the circuit is very effective in meeting the standard limits. The results showed that
it is possible to reduce the CM noise voltage to the desirable level by using an optimized
EMI filter alone. However, adding new components based on the EMI reduction techniques
will lead to a way smaller EMI filter, which reduces the overall size of the system and

increases the efficiency and performance.
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