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Chapter 1

Introduction

1.1 Motivation

In order to design the DC-DC converters — beyond the basic knowledge about
their operation — the understanding the interference generation and propa-
gation is required, considering the significant increase in switching frequency.
The limitation of interference can be done in the early design stage taking into
account information about components, their placement and printed circuit
board (PCB) layout. Of course, the interference should be filtered by a ded-
icated filter, but the more effective and cheaper method to limit undesirable
noise is a correct design, where the interference generation is reduced and nat-
urally filtered inside the converter, by creating internal high frequency current
loops.

This book presents the phenomena of conducted electromagnetic interference
generation in DC-DC converters. The measurement and simulation are used
to analyze impact of most important parameters on the character, level and
propagation path of interference. In order to better understand interference
generation, the knowledge of converter operation is required, thus the basic
theory is described. Next, several basic definitions used in the book is pre-
sented.

© 2018 Piotr Musznicki
https://doi.org/10.2478/9783110623925-001



2 CHAPTER 1. INTRODUCTION

1.2 Basic definition

The definition provided by www.techopedia.com says that ElectroMagnetic
Compatibility (EMC) is the ability of different electronic devices and compo-
nents to work correctly even in the presence of other devices that emit elec-
tromagnetic waves. The EMC concerns interaction between devices and the
ability to influence one device to another operation.

Electromagnetic interference (EMI) is a phenomenon where one electromag-
netic field interferes with another, resulting in the distortion of both fields.
It can be propagated in conduction tracks and wires, but also as a magnetic
and electrical field coupling. In the standards the conducted EMI is defined as
undesirable signal (voltage, current or electromagnetic wave) in the frequency
range from 9 kHz to 30 MHz. Depending on the direction the interference can
be classified as incoming - interference propagated to a victim - disturbance,
outgoing - interference generated by the source - perturbation. Of course, it
can be the same signal, but seen from another point of view. The interference
generated by source reaches the victim by the coupling. Conducted electro-
magnetic interference can be propagated by couplings:

e conductive formed by direct electrical connection as wires, cable and
conducting PCB tracks

e inductive refers to a magnetic field
e capacitive refers to a electric field

The average (mean — AV) value of function f(¢) in interval <a, b> is the
integral of this function divided by the length of the interval (b-a). For peri-
odic functions where the averaging interval is equal to T or its multiplicity, is
described by equation (1.1)

1

a+kT
F(t)av) = kT/ fMte dla k=1,2,3... (1.1)
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In the case where the periodic function is defined in intervals (for example in
three intervals):

fi(t) dla te<a,b)
ft)=14q fa(t) dla te<b,c) (1.2)

f3(t) dla te<c,a+T),

the average value is the sum of the integrals of the individual functions in the
intervals where they are defined:

Plt)a) = 7 [ /  fi(ds + /b )+ / " fg(t)dt]- (1.3)

The root mean square vale (RMS) is defined for periodic function according to
the formula:

a+T
F(t)(rms) = \/;/ f2(t)de. (1.4)

However, for functions defined intervals, as it is defined in (1.2), is equal:

F(t)(rms) = \/ % [ / b fE(t)dt + /b ) f2(t)dx + / - fg(t)dt] (1.5)

The trapezoidal wave is a waveform in which the amplitude alternates at a
steady frequency between fixed minimum and maximum values with rise ¢,
and fall ¢ time defined as in Fig. 1.1. [1]

The trapezoidal and rectangular waveform can be shortly described by the
duty cycle v defined as the ration of pulse width to the total period:

= — 1.6

7= (1.6)

It can take values from 0 to 1 (in the percentage for 0 to 100%). In Eq. (1.7)
the envelope of the spectrum of the trapezoidal wave is presented, obtained
using the fast Fourier transform (FFT), according to formula 1.7. The two
characteristic frequencies are distinguish at which the slope changes. The first
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Fig. 1.1: Trapezoidal waveform

one f; = 1/(w7) depends on the pulse width, the second fo = 1/(7t,) is linked
with rising (falling) time ¢,.

F(t) = A 424l Z [Sm n for) } o(—dmnfor) o(2jnfot) (1.7)
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Fig. 1.2: Trapezoidal waveform spectrum

A power switch (ideal) - non-linear element, capable remain in two on and off
states. In the ON state, it has a resistance of zero, while the OFF state, it has
a resistance equal to infinity. Switching from one state to another occurs in an
infinitely short time.




Chapter 2

Components

For understanding the DC-DC converters EMC behavior, it is necessary to
know how the particular component influences on perturbation generation and
propagation. In every converter passive components can be found (resistors, ca-
pacitors, inductors or transformers), semiconductors (transistors, diodes) and
connections between them (wires, cables, conducted tracks). In analyses of the
converter operation, devices can be represented by functional models which
take into account only basic properties and behavior, but for comprehensive
analysis what happens in the range of high frequencies, wide band models are
required.

In the literature many models can be found. The precision and resolution of
models are different for required operation, behavior or physical type. For EMC
modeling mainly physical and component models are useful. In this chapter
models of components are briefly presented.

2.1 Semiconductor devices

Accurate semiconductor models are necessary for EMI analysis, since they are
linked to switching du/dt¢ and di/dt, which is the main origin of perturbation.
The semiconductors have unipolar and non linear components and therefore
are the most difficult power components to be modeled.

© 2018 Piotr Musznicki
https://doi.org/10.2478/9783110623925-002
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T -
X
Ca
X
QTT

Fig. 2.1: Diode model

2.1.1 Diode

From EMC point of view, in addition to the basic behavior of the diodes, im-
portant parameters are related to their the turn on and the turn off times.
It results in the switching diode can be the source of disturbance due to fast
voltage or current change. It is strongly connected with semiconductor struc-
ture and movement of carriers inside the diode. Typically, diode is modeled
by nonlinear capacitance (Cy in Fig. 2.1), where the temporary value depends
on voltage across the diode. The value of this capacitance is different for a
different type of diode — e.q for hte rectifier diode it is much larger than the
Schottky or fast diodes.

Another significant phenomena is associated with removing carriers from a
junction during turning off [2]. The revers recovery current Irs starts to flow
in the opposite direction due to removing the carriers form junction. The num-
ber of carriers is proportional to the surface between current waveform and
axis (drift region) and is typically presented by revers recovery charge Q.
The recovery time t,.. depends on the diode internal structure and the current
value before switching. The limitation of this phenomena can be obtained by
applying various doping techniques or using special semiconductor material [3].
The use of diodes with a shorter %, in DC-DC converters can significantly de-
crease EMI peaks in reverse recovery frequency range which allows to improve
their efficiency and reduce snubber losses.
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Fig. 2.2: Diode revers recovery

2.1.2 MOSFET transistor

Fig. 2.3: MOSFET model

The MOSFET transistors and other field effect transistors are the most fre-
quently used devices in DC-DC converters as a controlled power electronics
switch. The model of MOSFET transistor is presented in Fig. 2.3. The quasi
static behavior is typically represented by controlled by a gate-source voltage
Ugs current source or by a ideal two-state transistor model. The connection re-
sistance is very small compared to other resistances in the converter circuit, but
for accurate power dissipation it should be included. Inductive elements can be
neglected because this kind of transistors — mainly used for small and middle
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power — are negligibly small. However, for high power converters connection
and internal inductance can have an impact on oscillation and over-voltages
[4].

For EMI point of view, the dynamics behavior of transistor is the most impor-
tant and it can be modeled by three nonlinear capacitances Cgg gate-source,
Cps drain-source and Cgp gate-drain [5]. The temporary value of these ca-
pacitances depends on voltage and it can be obtained using the hyperbolic-
tanged-based approximation, where the high and low capacitance levels can
be distinguished. The relationship between voltage and capacitance is shown
in Fig. 2.4 |6]. The capacitance between gate and drain Cgp increases when
the transistor is turn on, but Cpg decreases and for conducting transistor is
negligently small. The voltages AUcgp and AUggp define the width of the
capacitances characteristic between the extreme’s.

a) ACoo(F
Ceo) + CopHy o (F)

Copy + CGD(H)/Z

Cepp

i Ucep(th) 0 uGD(\7)

b) | AUccp

i e —

A
Cos (F) Cosw) + Coshy

Cos

N

Ucosth) § Ups (\7)
AUcps |

P

Fig. 2.4: The hyperbolic-tanged-based approximation of nonlinear MOSFET
capacitance a) Cgp b) Cpg (from [6] with authors permission)

The transistor dynamics is strongly connected with capacitances charging and
discharging. The rate of carriers supplied to the gate can be controlled by
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additional resistor and it has an influence on all voltages and currents slew
rates (du/dt di/dt). In Fig. 2.5 the transients during the turn on process are
presented. In time interval ¢ € (to,?1), the equivalent input capacitance Crgg1)
is recharged, next in ¢ € (¢1,t3) the Miller plateau effect appears and at the
end of turn off ¢ € (¢3,t4) the capacitance Crgg(o) is recharged. The models
parameters can be derived:

Cep = Crsse) — Crssq)

Cep = CRssq) (2.1)
Ucapuny = Uasim) — Upsim) '
Cas = Crss1) — Crss()

Ups 4
Upp
Ubs(m) » Ubs(sat) tls]
0 : : y >
Ugst | ‘ 7y
V)
Ugs(th) Tu ‘ GS(H)
GS(m) t[s]
o+— -
Ig A \
! Ilq(m) ' t[s]
o -
ILOAD t[s]
0 >
b) t Lt t t
ugsd | i
ST Cissay Crss(2) 4
'\\ ‘ Ciss  |Ugsw)
| Crss(1) IUGS(m) i qc[C]
01— ; ; >
Qo Qi Q3 Qa4

Fig. 2.5: MOSFET turn-on process (from [6] with authors permission)

The models can be constructed using parameters from producer’s data sheet,
but usually they aren’t sufficient for wide band modeling, since manufacturer
data are not always match with true values, because of average for series of
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products. Furthermore, models attached to simulation software can be applied,
but it can be noticed, that models provided with simulator libraries are not very
accurate for EMI modeling, especially dependencies in time domain don’t agree
to real ones. In practice, the libraries don’t contain all commercial components,
so characteristic values should be extracted from real semiconductor devices.
The example of parameters extraction is presented in [7].

2.2 Passive component

For accurate EMI analysis, wide band models of non ideal passive components
are needed. Generally, it is sufficient to use models contain inductive, capacitive
and resistive elements.

2.2.1 Inductor

The inductor is a two-terminal circuit component, which is able to store energy
in the magnetic field. The time varying magnetic field results in a voltage on
the terminals according to Faraday’s law:
o de_ di
dt dt
The ideal inductor contains not only inductance, but the real one consists
of resistance which dissipates power and capacitance representing capacitive
coupling between the windings and the physical packaging. The parasitic ca-
pacitance C), determines the high frequency performance of the inductor [8].
Depending on the required accuracy and frequency range, the model may have
multiple elements - the basic two models of the real inductor are presented
in Fig. 2.6. The inductor model can be more complex including core losses,
saturation etc, but for conducted EMC analysis of the DC-DC converter, the
presented models are sufficient. The example of the inductor impedance spec-
tra is shown in Fig. 2.7, where characteristic resonat peak is visible (here in
2MHz) results from interaction between inductance L and capacitance C),.

(2.2)

2.2.2 Capacitor

Capacitor is a passive element where the energy is stored in the electrical field.
In DC-DC converters, capacitors produced in many technologies are used e.g
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a) Cp b) Gy

90 E L L
10* 10° 10° 107
frequency [HZz]

Fig. 2.7: Measured inductor impedance

electrolytic, ceramic or film. They are usually used as filters, ripple attenuator
or voltage stabilizers. The capacitor current ¢ depends on the flow passing
through and — for constant in time capacitance — current voltage relation can
be described by derivation form:

d du
4@ _

7

Codt T dt
From EMC point of view, the most important parameter - besides capacity
- is their operating frequency and series resistance ESR. The basic capacitor
model - presented in Fig. 2.8 - contains: the capacitance C, the equivalent series
resistance (ESR), the equivalent series inductance (ESL) and the leakage
resistance (R,).

(2.3)
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ESL ESR

Fig. 2.8: Capacitor models

The capacitor impedance results from the production technology. The examples
of impedance spectra for produced in various technology capacitors C' = 2uF
are presented in Fig. 2.9. The selection of the appropriate technology depends
on the application, but in practice e.g in input — output filters, it is preferred
to use parallel connection of capacitor produced in various technology.

10000

- a
1000 | e b —
c
d

o
S

/

Impedance [Q]
=

o
2 2

freguency [Hz]

100

60 - 1
40 -

ol 7—/
20 F 1 d
-40 //
.60 =

80 -
-100

© [deg]

1(;2 1(‘)3 15“ 165 156 167

freguency [Hz]
Fig. 2.9: Capacitor impedance a) electrolytic b) tantalum c) polyester d)
polypropylene

The standalone capacitors can be a resonant circuit due to interaction between
the capacitance and inductance ESL, especially for components produced in
THT (Through-Hole Technology). In the converter, ESL parameter influences
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on the interference propagation, particularly for low power devices — the use
of SMD (Surface Mounted Devices), practically solves this problem.

The capacitor parameters change during operation, because of aging and de-
terioration processes, especially in high temperature. The most susceptible are
electrolytic capacitors, where e.g after 6000 working hours, the value of capac-
itance can decrease about 10% but the ESR increases even 5 times, because
the temperature condition and the current ripples lead to acceleration of the
electrolyte evaporation of the electrolyte [9]. In Fig. 2.10 the impedance of
electrolytic capacitor is presented: (blue) ,new” and (green) after 9000 hour
operation. The capacitor aging has great impact on the effectiveness of filter-
ing and EMI generation in Power Electronics converters change during working
time [10].

T
1 h operation
102 9000 h operation -

Impedance [Q]

90 F

O [deq]

45 |
-90

10° 10" 102 10®  10*  10°  10% 107
frequency [Hz]

Fig. 2.10: Deterioration of electrolytic capacitor impedance

2.2.3 Transformer

The transformer is basic component of all isolated converters. It is a device to
transform alternating current electrical energy between two or more circuits
through the magnetic field according to the Faraday’s law. The physical trans-
former consists of the windings located on core. In some applications (e.g in
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the flyback converter (see Chapter 4)) this structure is additionally used for
store energy.

The main parameters of the transformer model are:

ing

: . u2 __
® N- = =2 =
n-turns ratio 19 U1 ins n1

e magnetizing inductance Ly

e primary and secondary winding resistance R; and R

e primary and secondary leakage inductances Ly1 = 92 Ly
e core losses R,

From the EMC point of view, the parasitic capacitance should be included,
but in producer data-sheets, the parameters from list are principally speci-
fied, however the stray capacitances are usually neglected. The high frequency
transformer lumped circuit model [11] is assumed as in Fig. 2.11 including
primary C7 and secondary Cs winding capacitances and inter-winding capac-
itance is represented by capacitors Cia, Co1, C13 and C31. The core losses R,
are neglected in this model, because it does not play a significant role in the
EMC phenomena.

Much effort has been given in literature to the transformer parameters extrac-
tion. Geometrical dimension and electromagnetic models using finite element
analysis have been applied to calculate parasitic capacitances [12, 13, 14, 15].
The experimental setup for the two-port network approach using the step re-
sponse [16, 17] and the frequency response analysis |18, 19, 20| have been
presented. Non-linear identification process, taking into account magnetic sat-
uration and skin effects occurring in the windings, have been described in [21].
The model, presented in Fig. 2.11, includes all main lumped capacitances in
the transformer, but in many situation a simple model can be used only with
three capacitances C1, Co and C19 as it is presented in Fig. 2.12.

In order to extract the value of lumped capacitors, the impedance analyzer or
Wiener filtering [22] can be used to identify resonant frequencies, which can be
observed in impedance spectra. The origin of these phenomena is interaction
between inductances and capacitances of different transformer sides, layers,
wires and other parts. The first lowest resonant frequency represents resonances
between transformer inductance and the lumped equivalent capacitance. These
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Ci3

Ci2
Lo‘l 19 Lo‘2
1 —— Ly Co
Ry | | Rs

| |

Co1

| |

|

C31

Fig. 2.11: Two winding transformer model with six stray capacitances

Ci2
| |
LO']. | | 79 L0'2
o———4 —O
i —— Ly N O
o—€ p———O
R1 R2

Fig. 2.12: Two winding transformer with three stray capacitances

lumped capacitances can be estimated by analyzing impedance spectra of three
setup circuits [23]:
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e with open secondary side (Fig. 2.13),

e short circuit between primary winding end and secondary winding be-
ginning (Fig. 2.15)

e shorted secondary side terminals. (Fig. 2.14),

The equivalent capacitance seen from primary winding terminals C'y;; can be
estimated using the circuit presented in Fig. 2.13, where secondary winding
terminals are open. Assuming the model from Fig. 2.12, it can be noticed that
Cy is a parallel connection of C7 and (5 referred to the primary side. The
equivalent input capacitance Cyy is given by formula 2.4:

Co

Cy1~=C1 + @ (24)

50€2
I l O
|
=@
i

Fig. 2.13: Cjy1 measurement setup

In figure 2.15, the short connection between primary winding end and sec-
ondary winding beginning is presented. The first resonant frequency results
from interaction between input inductance Ly = Lps14+L,1 and capacitance
C'yro, which is a parallel connection of C, C'9 and C referred to the primary
side. The equivalent input capacitance Cyys is given by formula 2.5:

Co
92
In figure 2.14 the short circuit is between the terminals of secondary winding. It
allows to oust the capacitances Cy and C79 from impedance. The main resonant
frequency results from interaction between C; and L,1. The equivalent input
capacitance C)y3 is given by formula 2.6:

Cm2 = Cy + Cra + (2.5)

CM3 ~ Cl (2.6)
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5082
]
V;Sq

Fig. 2.14: Cjso measurement setup

]
‘/vsq

Fig. 2.15: Cjr3 measurement setup

The capacitances Cys1, Chro and Cyr3 can be derived using identified resonant
frequencies by the Wiener filtering method.

Can = [Lox (fr#2xm)%] ! (2.7)
Chz = [Lo* (f2 %2 % 7r)2}_1 (2.8)
Crs = [2 % Lop % (f3 % 2% 77)2] ! (2.9)

where:

e f1, fa, f3 are resonant frequencies obtained from impedance analyzer or
filter transfer function,

e Lo = L+ Ls1 input inductance,




18 CHAPTER 2. COMPONENTS

® 2% Ly ~ Ly + 02 % Lyo sum of leakage primary and secondary induc-
tances.

Based on equations (2.7), (2.8) and (2.9), capacitances of the transformer model
(Fig. 2.12) are calculated.

Cy = Chrs (2.10)
022192*(01\41—0]\/[3) (2.11)
Cr2 = Chr2 — Ct (2.12)

2.3 Connections

In typical analysis of converter operation, the connection like wires, cables,
bonding or PCB tracks, are usually neglected. From the EMC point of view,
these are important parts in interference generation and propagation. In envi-
ronment of every conductor with flowing current, there is the electromagnetic
filed, according to two Maxwell equations, Faraday’s Law, Lorentz force law
and the Ampére-Maxwell Law. In the equivalent circuit, the connection behav-
ior can be described as a matrix of passive elements. There are few formulas
which allow finding dependencies between geometrical and physical properties
of conductors and their RLC models [24, 25]. In many cases, the non ideal
behavior of conducting tracks can be described by lumped models.

The power dissipation in conductors is negligently small. The value of DC re-
sistance of rectangular PCB track depends on track material properties and
dimensions:

R= pzl (2.13)

where: R — begin-to-end track resistance [Q], p —resistivity of the track material
[© m]|, I - the track length [m] and A = w % h — the track cross sectional area
[m?].

Density distribution of the track current tends to crowd to outside when fre-
quency increases. The skin effect causes that for high frequency the total value
of track resistance increases since the current flows mainly at the edges of track.
In Fig. 2.16 the current density in function of distance from the middle of the
track is presented for frequency in range for 0 to 30MHz for the PCB copper
track thickness 20um . It can be noticed that for DC and low frequencies the
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Fig. 2.16: Skin effect — current density in function of distance from conductor
middle for frequency in range for 0 to 30MHz

current distribution is even, but for higher frequencies it is concentrated in the
outer periphery. The resistance for high frequency can be estimated by [24]

l
R~ —m— 2.14
p(2ow + 20t) (2.14)
where: w — track width, ¢t — track thickness and o = 272% — skin effect depth

(1 -magnetic permeability of the conductor). The proximity effect has the same
nature as the skin effect, where the current distribution in one conductor is
determined by current in the neighboring conductor. The alternating magnetic
field induces eddy currents in adjacent conductors increasing the current den-
sity at the edge of conductor.

The skin and proximity effects also affect inductance of conductor. The mea-
surement of self or mutual inductance is very difficult because of their relatively
small value, but it can be calculated using the partial element equivalent circuit
(PEEC) |25, 26]. It is based on analytical electromagnetic formulas to compute
inductance and coupling, provided the uniform current density. Electromag-
netic behavior of the conductor is modeled by lumped electrical resistance self
and mutual inductance as it is shown in Fig. 2.17. Using the PEEC method self
and mutual inductance for all conductors in the converter can be calculated,
but it usually requires dedicated software e.q InCa3D.




20 CHAPTER 2. COMPONENTS

PEEC

Fig. 2.17: One dimension PEEC PCB track model

The value of per-unit-length inductance can be calculated using characteristic
impedance Z¢ defined by C.R Paul in [24]:

60 In % + v w <1
Je w n =
Zo = (2.15)
1207 rw w w
. [ﬁ +1.393 + 0.667 In (E n 1.444)] 21

T

where h is board thickness and the €. is effective relative permittivity follows
that electric field is partly out of the conductor as it is presented in Fig. 2.18:

, e,«—l-l_{_er—l 1
€ =
" 2 2 \/1+10h/w

Using Eq. (2.15) the value of conducting track per-unit-length inductance is
equal:

(2.16)

- %[H/m] (2.17)

where v is the wave velocity.

The parasitic capacitance is a critical element in many converters (eq in flyback
converter (see Section 4.2.1)) and it can have a decisive role in EMI propaga-
tion. The values of parasitic capacitances are dependent on the geometry of
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physical properties of insulate material. It can be measured using impedance
bridge or an impedance analyzer or it can be calculated. The plate parallel
formula (Eq. (2.18)) allows to estimate the value of parasitic capacitance of
the track, but it does not take into account the uneven distribution of electrical
field (Fig. 2.18).

C = eoer%[F/m] (2.18)

More accurate results can be obtained with the Wheeler/Schneider formula
[27] which takes into consideration the edge effect.

1.122¢. ¢y

2
1 8h 8h 8h
1+ () <weff+ () ”2>

C= [pF'/m)| (2.19)

In

where:
&+l e —1 AN
= 1+ — 2.20
66ff 2 + 2 < + w ( )
and the effective conductor width is defined:
t 4
Wepp = w+ —In ‘ (2.21)
T

¢ 1
\/ (7)* + W)Q
The parasitic capacitance can be obtained from characteristic impedance from
Eq. (2.15).
C =

o [F/m) (2.22)

Fig. 2.18: Egde effect - uneven distribution of the electric field around the
conductor
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The cables connected to input and output of the converter can have an influence
on interference propagation. If they are relatively short, their impact can be
neglected, but if they are sufficiently long they can operate like an interference
filter or amplifier (if long line reflection or resonant phenomena occurs). For
the system including converters distant from the power source or load — like in
photovoltaic installation — the cable impact should be taken into consideration.
The physical properties and formulas for cable parameters using geometrical
dimensions are presented in [24]. The per-unit-length model of cable based on
telegrapher’s equations is presented in Fig. 2.19.

Ly
N A

/

]\{12 :_ CT

\L2
YN

P

screen

Fig. 2.19: Per-unit-length model of cable

2.4 Line Impedance Stabilization Network

The basic devices for conducted EMI measurement is Line Impedance Stabi-
lization Network (LISN). It is a low-pass filter placed between power supply
and tested devices or system. Its construction, parameters, characteristic and
method of use are specified by standards (e.g EN 55032:2015). There are sev-
eral LISN topologies, they all should assure blocking a noise from the power
supply network and provide the line impedance with a known high frequency
characteristic (usually from 9kHz (150kHz) to 30MHz according to CISPR 16-
1-2). The LISN types differ in their parameters such as impedance, frequency
range, operating voltage and current, losses or connectors.

The example of the LISN topology is presented in Fig. 2.21. The impedance
between EUT (Equipment Under Test) nodes with measured node terminated
with 502 of the presented example is shown in Figure 2.22. It can be noticed
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Z, 19

frequency [Hz]

Fig. 2.20: 30 m cable common and differential impedance spectra

that for typical DC-DC converter operation frequency (here for 0 to 100 kHz)
the impedance is relatively low and for higher frequency noise equals 5052.
In the measurement, the power supply is connected to P and N nodes, the
tested device to FUT+ and EUT— and the measurement equipment registers
the voltage Up; or Ups. Typically, a spectrum analysis or EMI receiver are
used as the measurement meter, but also an oscilloscope can be applied. The
measurement procedure is precisely described in the standards. The incorrect
choice of topology can generated measurement errors [28]. The LISN can also
be used to preform decomposition of the interference to CM and DM noise
[29]:

_ Urni+Upe

Ucm 5

Upy =Upr —Upe (2.23)
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Fig. 2.21: Line Impedance Stabilization Network
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Fig. 2.22: LISN impedance between EUT+ and EUT—




Chapter 3

Non 1solated converters

3.1 Introduction

DC-DC converters are devices for transforming direct voltage and current to
the different level. Depending on topology the voltage can be steps down, steps
up or both. It usually contains elements for storage energy like inductors or
transformers. In transformerless converters, mainly parasitic capacitances and
inductances have an influence on the EMI. The perturbation generation mech-
anism is depended on interaction between semiconductor switch @, passive
elements and parasitics. There are many different topologies, such as buck,
boost, buckboost, SEPIC or Cuk converters. The basic schemes of three most
popular topologies are presented in Figs. 3.1 to 3.3. In order to understand the
nature of generated interference — knowledge about the basic functionality and
influence of the most important components is necessary. The basic operation,
electromagnetic interference generation and propagation or sensitive study are
explained on the example of boost converter.

3.2 Boost converter - basic operation

The boost converter — presented in Fig. 3.2 — is used to increase average output
voltage U, with the same polarity in relation to the input voltage E. The power
electronic switch @ (most commonly used in this role are MOSFET or IGBT

based on https://github.com/diegotrap/electronics
25
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Fig. 3.2: Boost (Step-up Converter)

D

Fig. 3.3: Buck-Boost Converter
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transistors) is switched cyclically (at the time ¢ = k-7 is turned on and at the
time t1 = k- T + ton is turned off ). The relationship between the conduction
time and the period 7T is described by duty cycle v = ton/T.

In the time interval when the switch @ is in the ON state (tox € (0,t1)),
current flows from the source of U; through inductor L and switch @ (Fig. 3.4).
At this time, the energy is transferred from the capacitor C to the load R ,
which requires their earlier charge in the previous cycle.

L D
i |
“Z'C' o
@)E Q —c¢  r| |l
iQ

Fig. 3.4: Boost convert - equivalent circuit for time from 0 to t;

In the time interval , when switch @ enters in the blocking state (topp €
(t1,T)), the current flows from the source E through the inductor L, diode D
to the load R (Fig. 3.5). Energy delivered to the load R and to the capacitor
C' comes from the input source and inductor L (stored in its magnetic field
at time ton)). The diode current ip is discontinuous and the capacitor C is
periodically charged (at time Torp) and discharged (at the time ton). The
input current can be continuous or discontinuous, which determines the mode
of operation of the converter.

3.2.1 Continuous mode

During one operation cycle T', the switch @ is turned on at time toy. The
inductor voltage uy, — assuming that all converter elements are ideal — is equal
to input voltage E:

E = UL(t) = UL(AV) =F (3.1)




28 CHAPTER 3. NON ISOLATED CONVERTERS

I D
~YYYL | 'D
“—ur [ ;
@) E  Qx ol r| ||U,
icyY

Fig. 3.5: Boost convert - equivalent circuit for time from ¢, to T’

The Kirchhoff’s voltage law — when switch Q is turned off (to5r € (t1,77)) — is
defined by the relation:

ui(t) = ur(t) +uo(t) = Urav) = E — Upav) (3.2)

The average inductor voltage Ur( 4y for the full one or multiple periods its
should equal to 0:

1 7 I I
- —0&— | Bdt+= | (E- = .
T /0 up(t)dt =0 < T/, dt + T /tl ( UO(AV))dt 0 (3.3)

Solving the equation Eq. (3.3) is obtained:

1 g ’
N — . (E— T
T . +T ( Uo(AV)) . 0=
1 1
T'E't1+f'(E_UO(AV))'(T_tl):0
< E—Uyav) + Uyavy -7 =0. (3.4)

The relationship between the input voltage £ and the load voltage Uyay) is
given by:
Uoav) 1
E  1—7
The average source current is equal to the average inductor current I av).
The average active input power — assuming ideal operation and components —

(3.5)
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should of equal the output power:
Pr = Po & E - Igav) = Uoav) - loav) (3.6)

Transforming Eq. (3.6), the average inductor current I7(sy) can be obtained:

s _ Vo) foav) _ % “Jo(av) _Tovy _ Uoqav)
AY) E E 1-v  Ro-(1-7)

(3.7)

Regarding waveforms in Fig. 3.6, the minimal value of inductor current iy, is
obtained:

1 .
Ipmin) = {p(av) — 5 - Air (3.8)
where: Aiy, is determined by voltage Kirchhoff’s law for time ¢ € (0,¢;):

diL(t) - diL(t) _ FE AiL(t) - FE
L@ =P % “1% & "1
. E U (11—~
Rig(t) =~ -t = wm; ”%T (3.9)
Thus Iy (min):
U 1 U (1 -
I1(min) = Youny 1 Touw (127) T =
Ry-(1—7~) 2 L
1 (1—9)-7-T
Uo(av) |:R0 =) oL . (3.10)
Analogously I7,(yax) is determined by:
_ 1 (1—9)-7-T
I (max) = Uo(av) {Ro a=) 5T . (3.11)

The relation between minimal, maximal and average values of inductor currents
is given by:
1 + I i
IL(AV) _ L(max) 5 L(min) (312)
The average and RMS value of the switch (transistor) @ and diode D currents
— useful in converter design process — are described by the following equations:

— for switch:
[L(max) - IL(min)

ton

iQ (t) = t+ IL(min) (313)
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Fig. 3.6: Boost converter waveforms operating in continuous mode: inductor
voltage uy, and current ¢y, switch current ig, diode current ip
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1 ton IL max) ~ IL min
Igav) = / ( ) __Lmin) ‘t+IL(min)> dt =

T Jo ton
IL max + IL min
( )2 ( )"Y:IL(AV)"Y
v
= Ipav) -7 = loav) - T (3.14)

1 [ton IL(max) — IL(min) 2
I =4/ = “t =4 I dt
Q(RMS) \/ T /0 ( ton + L (min)

IzmaX+ILmX'ILmin+12min Y
_ (L( ) (a)3( ) L( )) . (3.15)

— for diode:

IL(max) - IL(min) e IL(min) “toN — IL(max) T

) =
in(?) ton —T ton —T

(3.16)

Ipav) = 7 /T <IL(maX) L imin) + Ti(min) * tON ~ I (max) 'T> dt
(AV) = ton ton =T ton — T

IL max) T IL min
— Llma) 5 (i) (1 —y) = Inavy - (1 =7) = Igavy - (1 =7) = Ioa-17)
[L (max) — IL(min) IL(min) “toN — IL(max) ’ T)2
“t+ dt
D(rMs) = \/ /tON ton —T ton —T

2 . . 2 (1 —
_ (IL(max) + IL(max) IL(mln) + IL(min)) (1 7){3 18)
3 o

3.2.2 Boundary conduction mode

The inductor current 77, can be pulse or continuous, depending on the operation
condition and the load. The converter is in boundary conduction mode when
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Fig. 3.7: Boost converter waveforms operating in boundary conduction mode:
inductor voltage uy, and current iz, switch current ig, diode current ip
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iy, falls to zero only at time ¢ = k- T (for k= 1,2,3 ...) as it is presented in
Figure 3.7. The average value of the inductor current 77, equals:

I
ILgr(AV) = T/Q irdt =

l /t1 ILgr(maX) tdt 4+ /T LLgr(max) o ILg'r(maX) T atl =
T 0 31 21 t1 =T ty =T

l ILgT(max) ) tz h + ILgr(max) 42 T _ ILgr(maX) T ¢ T _ 1].
T\ 24 o 2t-T) |, b =T L) 2 et
(3.19)
where maximal value of inductor current I7g,(max) is defined:
ur, t E
ILgr(max) - l(—/ ) “toN = E -TON- (320)

Using Equations 3.19 and 3.20 the formula for average inductor current 7,4, (av)
depending on duty cycle v can be obtained:

I _ L _E oy = T louy)
Lgr(AV) — 5 Lgr(max) — ﬁ "LON = T

A1=q).  (3.21)
It can be noticed that the inductor current is also the input current, thus —
for the idealized circuit when the input power is losslessly transferred to load
Pq= Po, so Ur-Irav)y = Uoav) - loav) — the voltages and currents ratio for
boundary conduction mode is equal to:

loav) E

— 1. 3.22
Inavy  Uoav) (3.22)

Transforming Eq. (3.22), it is possible to define the average output current
Togr(avy:

o) = 2280 (1 - 2 (3.23)
In Fig. 3.8 the dependence between the average inductor current I7,.(av), the
average output current Ipg.(av) and duty cycle v is presented. It can be notice
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that Iy, (av) reaches the maximal value for v = 1/2 while Ipg,(av) for v = 1/3.
The maximum value of this currents equals:

1 2-T-Upav
IOgr(AV) <7 = 3> = IOgT(AV)(max) = 27—L() (3.24)
1 T -Uoav
ILgT(AV) (’Y = 2) = ILgr(AV)(max) = TL() (3.25)
lOgr(AV) 1 U,=const ngr(AV)(max)
ILgr(AV)
IOgr(AV)(ma><)
0,0 T T T T |l :
0,0 0,2 0,4 0,6 0,8 1,0 Y

Fig. 3.8: Characteristics of I1,,.(av) and Ipg.(av) depending on duty cycle v

The operation mode of the boost converter depends on the parameters and
the load. In many cases, the value of the power consumed by the load is not
constant, therefore it is preferable to determine the value of the boundary re-
sistance Rogr, which — for the other converter parameters constants — operates
in the bound between continuous and discontinuous modes. If the resistance
Ro > Rogr, the converter operates in discontinuous mode.

Uoav) _ Ué(AV)
Ioavy  E-Ipgav)

Rogr = (3.26)

Using Eq. (3.21) and (3.26), the value of boundary resistance can be defined:

U2 - 2L 2L, X
Rogr = —2V)_—~ _ . L (3.27)
E?-ton  T-v(1-7)* 7-y(1-17)
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Fig. 3.9: Rogr = f(7)

where: X =2 -7fL, f=1/T.
Similarly, the bound inductance Lg, for boundary condition mode can be de-

fined:
1-9)*R

Ly = ( 27 (3.28)

3.2.3 Discontinuous mode

In the discontinuous mode, the inductor current i;, reaches the zero amperes
for some time. The operation mode of the converter depends on operation
conditions e.q. for low values of input 77, and output ip and high value of the
current ripple Air, what can happen when the load resistance is high enough
and the inductor current ¢, decreases to zero at the instant t = ¢t1 + A7 as it
is presented in Fig. 3.10.

Knowing that the average voltage on inductor Upayy — for whole period —
should be equal zero, the expression between the input voltage E and the
average output voltage Up for the discontinuous operation mode can be cal-

culated:
Uonav) Ar+y

= 3.29
Z A (3.29)
and similarly for current (using ideal converter properties (Pr = Pp):
I A

Ipavy  Ar+7
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Fig. 3.10: Boost converter waveforms operating in discontinuous mode:
inductor voltage uy, and current iz, switch current ig, diode current ip

The average inductor current is equal to:

I
ILp(AV) = T/O ZLdt =
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1 b max t2 /L max I mx't
[/ Lp(a)_th/ (Lp(a)_t_ Lp(max) 2>dt]:
T!|), @ b\t —to t — to

I max I max
% (AT + AIT) = % (v + Ay). (3.31)

Transforming Eq. (3.31) gives shall be finally:

)
Irpavy = o7 “ton - (Y + A1) = v+ Ar), (3.32)

2L ST

Using Eq. (3.30), the average value of the output current can be calculated:

Ay E-T-~- Ay E-(1—~~y-T
Topavy = Irpav) - Aty 5T, = 5T . (3.33)

Substituting Eq. (3.20) and Eq. (3.30) for Eq. (3.30) gives:

Uoav) 1+ E-~*.T
E 2L Iopav)

(3.34)

Theoretically, the output voltage Upay) tends to infinity when the current
Iop(av) tends to zero. In practice, these values are limited by strength converter
components, in particular semiconductor devices and the output capacitor, and
therefore it is preferable to use supplementary security preventing the voltage
increase above the values permissible. In order to maintain the output voltage
constant Ip,ay) = const, it is preferred to determine the value of the duty
cycle v transforming Eq. (3.34):

2L -Iopavy - Woav) — E) | 2L Iopav)
= 2. T - BT
Uoavy—E

(3.35)

2L lopav) - (Uoav) — E) - Uo@av) _
UO(AV) -T E2

3.2.4 Output voltage ripple

In previous sections, it is assumed that the output voltage is constant by em-
ploying a capacitor with a very high capacitance. However, in practice, there
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are some voltage ripples caused by the cyclic charging and discharging of the
capacitor. The value of these ripples can be estimated by studying the varia-
tions of the capacitor charging and discharging:

AQ _lowav) 7T _ Uowav) v-T

Aup = = 3.36
o= a C R-C (3:36)
To determine the absolute value, the formula can be used:
Aup v-T T
= =5 — 3.37
UO(AV) RC K T ( )

where: 7 = RC — load time constants. It is apparent from the Eq. (3.37)
that reducing the output voltage ripple can be achieved by increasing the time
constant 7 or switching frequency f =1/T.

3.3 EMI propagation paths

The generation and propagation phenomena in all non isolated (transformer-
less) converters has the same nature, so for the EMI analysis of the boost con-
verter is presented as an example. The device does not contain any of damping
like snubber or clamps and some parts were specially over-sized in order to
make more visible the influence of selected elements.

The main EMI origin in all — isolated and non-isolated — converters are fast
changing of the voltage and current in semiconductor devices. The interference
is propagated through all basic components and also wires and conducting
tracks. Moreover, there are electric and magnetic couplings between them. The
main EMI propagation paths are shown in Fig. 3.11, where common mode noise
is represented by brown lines and differential mode by other colors.

The boost converter prototype and simulation model have been used for EMI
analyzes. In Fig. 3.12 converter scheme is presented, where — besides the main
components — Line Impedance Stabilization Network (LISN) and PCB par-
asitics (highlighted in blue) are included. In simulation, models presented in
Chapter 2 are applied.

The spectra of transistor voltage Upg, diode voltage Up and voltage across
5002 LISN resistor are presented in Fig. 3.13. The interference obtained from
LISN is mainly in common mode. The switching frequency is 100 kHz with
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Fig. 3.11: Propagation paths in boost converter
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Fig. 3.12: Boost converter - equivalent circuit with parasitic

duty cycle D=0.7 what is visible in spectra in the range up to 1 MHz, where
its harmonics dominate. Above 1 MHz interference peaks are linked with the
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Fig. 3.13: Boost converter voltages spectra

resonant between parasitics. Of course this scope is individual for the converter
and it depends on its parameters, components and geometrical dimensions.
In the spectra (Fig. 3.13) the distinctive peaks appear:

e the operation frequency (here for 100 kHZ)
e the harmonics (in the range 0.2 - 1 MHz)

peak links with transistor slew rate (for 10 MHz)

e ringing oscillation during transistor turn on (for 16 MHz)

oscillation in discontinuous mode during transistor turn off (for 20 MHz)

e ringing oscillation during diode turn on (for 17 MHz)

Next, the impact of chosen components is discussed, where only one parameter
is changed and its influence on the spectra is considered.
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3.3.1 Transistor capacitance

The main interference origin is the fast switching of transistor. The transistor is
periodically turned on and off. After switch commutation, a voltage Upg oscil-
lation appears and it is propagated as interference. One of the main parameters
which are responsible for perturbation level is the internal capacitance, as it
is described in Section 2.1.2. The internal capacitance is non linear, thus it
has different values during switch on and off. In Fig. 3.14 voltage spectra are
presented when the capacitance of transistor increases 10 times. Compared to
Fig. 3.13, it can be notice that this capacitance impacts mainly on spectra
envelopes’ shape in range above 1 MHz but it has a negligible impact on their
level. It is involved mainly in the interference generation and has less impact on
the propagation process. Increasing MOSFET capacitance causes its ringing
frequency fi shifts to the left. The MOSFET ringing frequency is difficult to
calculate. It depends on almost all physical and geometrical properties of the
circuit and input filter.
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Fig. 3.14: Influence of MOSFET internal capacitance
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The MOSFET ringing frequency can be estimated using Eq. (3.38).

1
T 24105 \/R(Chrogs + Cr) * (2 Ly + L)

fir (3.38)

where:
Cirofy — transistor capacitance at its turns off
Cr, — inductor internal capacitance
>.L, — sum of parasitic inductance in branches where current
flows before transistor switch off
L — inductor inductance
k — influence of input filter factor L/Cj,

It should be noticed that parasitic ground capacitance impacts on the ringing
frequency, but in typical application, it is incomparably smaller than the tran-
sistor and inductor and it is insignificant in EMI generation but it is essential
in EMI propagation.

The example application was validated for DC-DC boost converter prototype
for the photovoltaic system. The simulation and laboratory measurements have
been done and compared with results obtained with formula 3.38 with follow-
ing parameters: Cpgof=200e-12F, L=4.752e-4H, C,=6e-11F, > L,=2.26e-07
H, Cinput=5.37e-04F.

The ringing frequency — calculated using Equation 3.38 — is f, = 22 MHz,
which is in agreement with the measurement results presented in Fig 3.15

3.3.2 Diode capacitance

The diode is a basic element in DC-DC converters. After diode commutation,
a voltage Up (anode - cathode voltage) oscillation appears. The level and
frequency of this oscillation depends mainly on the output circuit parasitic
parameters like diode, output filter and ground capacitance, PCB inductance
and load. From EMC point of view, the most important parameter is its inter-
nal capacitance Cys. As in all semiconductors, it is nonlinear and depends on
diode state and Up .

In Fig. 3.16 the diode capacitance has been increased ten times in comparison
to Fig. 3.13. It is highly visible that diode ringing oscillation is shifted to the left
and the level increased significantly. It follows that internal diode capacitance
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Fig. 3.15: Experimental Upg measurement - ringing frequency
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Fig. 3.16: Influence of Diode internal capacitance
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Fig. 3.17: Parasitic capacitancg phenomena

impacts on the frequency and also on the level of interference registered on

LISN.

3.3.3 Parasitic capacitance connected to MOSFET terminals

In typical converter, a transistor is located on the board and connected with
other elements through the conducting tracks. The track is a flat copper part
and it can be characterized by resistance, self and mutual (with other com-
ponents) inductance and ground capacitance. Due to fast changes of potential
connected to drain or source terminal (du/dt), the current flows to the ground
and beyond the converter. In Fig. 3.14 the parasitic capacitance connected to
drain Cp¢ was reduced (a) 10 times and increase 10 times (b) according to spec-
tra presented in Fig. 3.13 which may be caused by the change of the distance
to the ground. It can be noticed that the peak level in the range above 10 MHz
is most noticeable.

The parasitic capacitance of the track connected to MOSFET drain node has
great impact on the level of Upg oscillation and generated perturbation Urrsn
and minimal on interference frequency — of course it depends on individual ge-
ometrical properties of the PCB and parasitic current paths. In the present
case, there is no visible impact on diode voltage Up, but this is an individual
property of the investigated circuit and depending on the couplings of the elec-
tric field near the PCB, the parasitic capacitance connected to the transistor
terminals have the influence on its level or less on the resonant frequency.

3.3.4 Parasitic inductance in transistor branch

The parasitic inductance connected in series with the transistor, both drain
and source terminals, takes a part in interference generation. When transistor
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Fig. 3.18: Influence of parasitic capacitance connected to drain

or diode is turned on, it is the part of the resonant circuit in which oscillation
is generated. During transistor turning off, its impact is less significant because
it is serially connected to inductor L, which the inductance value is typically
much larger than parasitic inductance. During the diode turning off, the in-
fluence of the inductor inductance is significant, so resonate circuit includes
parasitic inducance and semiconductors capacitance. In Fig. 3.19 the parasitic
inductance in transistor branch L,; was reduced (a) 10 time and increase 10
time (b) according to spectra presented in Fig. 3.13. Increasing the Ly, shifts
the ringing frequency peaks to the left. The level of disturbance also increases.
In practical application, the PCB tracks between transistor, diode and induc-
tor should be as short as possible in order to avoid increasing the EMI level
or increasing the resonant frequency oscillation after the diode is turned off,
which allows efficiently their attenuating or filtering.
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Fig. 3.19: Influence of parasitic inductance in MOSFET branch

3.3.5 Driver

EMI interference generation is strongly connected with transistor current and
voltage slew rate during commutation. Generally, when transistor is switched
faster, the over voltage and the interference level are greater. On the other
side, the longer commutation time may cause higher losses. In some range, it
can be controlled by the driver gate resistor. Moreover, parasitics in the gate
circuit have also the influence on Uys and Uy slew rate. In order to limit the
interference from control circuit, the transistor driver should be located as close
as possible to transistor. In some cases, disruption is generated in driver or its
supply, but it can be disabled by applying the common mode filter as it is
shown in Fig. 3.20.




3.3 EMI propagation paths 47

s |
Driver

YN

Fig. 3.20: The common mode filter between driver and transistor

3.3.6 Parasitic inductance in diode branch

The parasitic inductance serial linked with diode L4 depends on the load and
its connections, thus its value depends on the PCB layout of the converter and
also on the external load properties. The output differential mode current noise
flows through the load, so it properties depend on L,4. The influence of load
is typically reduced by the output filter, but it can not be totally cut down.
The value of L,q is normally much smaller than the inductor inductance, so it
impacts only during diode turning off. In Fig. 3.21 the parasitic inductance in
diode branch L,q was reduced (a) 10 times and increased 10 times (b) according
to spectra presented in Fig. 3.13. It can be noticed that it affects mainly on the
diode voltage Uy (distinctive peak near 13MHz in Fig. 3.21b), but the influence
on interference registered on LISN is slight because of the filters operation.
The oscillation — which appears after diode turn off — derives from interaction
between L,q and the parasitic diode capacitance, but if the output filter is
not designed correctly (the right way can be found in [30]), the EMI level
and frequency impact deteriorates. The components should be geometrically
located as close as possible but if it is impossible, the distance between diode,
output filter and output terminals can be increased.

3.3.7 Inductor

The inductor is a passive element used for storage and transfer of energy. The
non ideal inductor can be described as inductance L, wire resistance R;, and
parasitic (between wires) capacitance Cf, as it is presented in Section 2.2.1.
Interaction between these parameters and other parasitics during transistor
commutation can be the origin of interference. For practical reasons the ge-
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Fig. 3.21: Influence of parasitic inductance in diode branch

ometrical dimensions and L, Ry and Cf, values should be small as possible,
but for EMC point of view the inductor can operate as the low pass filter. In
Fig. 3.22, the impact of the inductance L is presented. It influences on the
frequency and level of interference in the range above 1MHz.

The parasitic capacitance of inductor Cf, represents the electrical field be-
haviour of wires or other conductors. The total capacitance — viewed from
inductor terminals — consists a partial capacitances between coils or coils and
magnetic core or inductor housing. This capacitance has the strong impact on
the ringing frequency — especially during diode turn off. In Fig. 3.23b, in the
Up spectra a characteristic peak appears close to 13 MHz.

In some cases — depending on individual properties of the PCB — the C, could
operate as the high pass filter, which limits the perturbation register in LISN
— in the frequency range below ringing frequency.
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Fig. 3.22: Influence of inductor L inductance

3.4 Conclusion

The boost converter is a quite good example to analyze and understand the
EMI generation and propagation phenomena in all non isolated DC-DC con-
verters. From the electromagnetic point of view, converters like boost, buck or
sepic are similar, where there is only one interference source — the fast switch-
ing pair transistor - diode. The level of the perturbation depends mainly on
the voltage and current rising and falling rate and the physical and geometrical
properties of converter. The parasitic capacitances in the immediate vicinity of
transistors have the impact on total EMI level. The inductor and parasitic ca-
pacitance of semiconductors affects on the ringing frequency. For fast forecast
of the EMI level, the simple model can be built including only one capacitance,
inductor, input capacitor, trapezoidal voltage source (as a CM source) and the
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Fig. 3.23: Influence of inductor L capacitance

trapezoidal current source (as a DM source) [31, 32]. The result of simulation
is presented in Fig. 3.25.
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Chapter 4

Flyback converter

4.1 Introduction - basic operation

The extended properties of isolated DC-DC converters are achieved in the
flyback converter, where the inductor is replaced by the transformer consists
of two inversely wound magnetically coupled coils. In literature this kind of
transformer is often called the coupled inductor. In Fig. 4.1 the basic schema of
flyback converter is presented. The DC power supply feeds the circuit consisted
of transformer primary winding and the switch @). In a typical application, as
the switch @, transistors MOSFET are widely used. The secondary circuit
includes the diode, the capacitor and the load. The role of the capacitor is
filtering and energy storage.
Idealized transformer turns ratio is equal to the voltage and current ratios.

9 =12 _ Zﬂ _m (4.1)

Uy Ungy ny

During typical operation of the converter, energy is stored in the magnetic field
of the transformer, and then provided to the load. Properties of the magnetic
circuit are associated with the amount and speed of energy accumulation, which
affects the total power of the inverter. The operation periods depend on the
state of the power electronic switch @), which may be in the two states. When
the switch @ is turned on (Fig. 4.2), the primary winding is fed from the
source E. The i, current linear increase and flowing through primary winding
causes increasing the magnetic field in the core of the transformer, where the
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Fig. 4.1: Flyback converter — basic schema

energy is stored. In this converter topology, where the beginning of windings are
connected as is shown in Fig. 4.1, the diode is reverse biased and the secondary
winding current 7, is equal to zero. The load is fed from the capacitor, because

the energy has been stored there in the previous period.

~.
\ L
—

Fig. 4.2: Flyback converter — switch @ turned on
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In the next cycle, the power switch @ is turned off (Fig. 4.3), the primary side
current stops to flow. The magnetic flux in the transformer core decreases and
the secondary voltage u,2 changes polarization causing the diode is forward
biased. As the current i, flows, the energy stored in the transformer core in
the first cycle is transferred to the load.

Fig. 4.3: Flyback converter — switch @ turned off

Mode of operation of the converter depends on the transformer flux — while it
is always greater than zero — the converter operates in the continuous mode,
otherwise the converter operates in the discontinuous mode. In discontinuous
mode, the third cycle occurs when the energy in the transformer core reaches
zero before the beginning of the next period. The load is fed from output
capacitor as it is shown in Fig. 4.4

4.1.1 Continuous current mode

The typical current and voltage waveforms for flyback converter operation in
continuous mode are presented in Fig. 4.5. Assuming that the output capacitor
C has a sufficiently high capacity, the output voltage uo is constant during the
whole period:

uo(t) = Uo(av)- (4.2)
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Fig. 4.4: Flyback converter — load is fed from capacitor

In time interval ¢t € (0,¢1), when the switch @ is turned on, the voltage drop
across the transformer primary winding u,; = FE is constant. The flux ¢ in
transformer core increases according to the relation:

d
ui(t) = nld—f o dp = n—ldt (4.3)

/ Mt (4.4)

Because u; = E = const, hence the flux derivative dy/dt is also constant,
what means that the flux increase is linear.

E
t)y=— t+ i 4.
o(t) ny # (min)> (4.5)

by integrating both sides:

where: ¢ (i) 1s the minimal flux value at time ¢ = 0. For the continuous mode,
the flux puin) is always greater than zero in the whole period. The secondary
side voltage u,2 is described by formula:

UQ(t) = —N9g— = ——F. (4.6)

The magnetic flux ¢ — in the associated interval — is related to the flow of
primary winding current, described by the relation:

’inl / 7dt t + Inl(mln) (47)
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In the time instant ¢; the i, current reaches the maximum value, determining
the end of the cycle ton:

E-t E-y-T

an(tl) = Inl(max) — I + Inl(min) = I + [nl(min) : (48)

where: v = ton /T - duty cycle, L; - primary transformer magnetic inductance.
In time t¢1, the switch @ opens, the current i,; stops to flow, but due to
conservation of magnetic flux in the transformer core.

(P(tl) = P(max) = ni- Inl(max) =n2- InZ(max) : (49)

the current 7,9 equals the maximum value:

ni
In2(max) - ;2 : Inl(max) . (410)

During the sub cycle topr € (t1,7T), the switch remains turned off and the
relation between flux and voltage us is described by:

d
us(t) = —ngd—f & ot /dt (4.11)

Because the flux derivative dp/dt is constant, it decreases linearly:

(t - tl) + ¥ (max)- (412)

Using Eq. (4.11), the primary transformer side voltage ug can be obtained:

d
w(t) = m=> = _%UO(AV)' (4.13)

The voltage across switch terminals ug is equal to the difference between input
voltage E and u;.

n
ug =E —u =F + ;;UO(AV). (4.14)

The diode current i, is linked with magnetic flux and it is equal:

in2 / 7dt IEAV) (t - tl) + InZ(max) : (415)
2
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The i,5 reaches the minimal value at the end of tppp, at time T'.

Uoavy - (T'— t1)

In2(min) - In2(max) - Lo =

s Uov) -torr U@y - (1=7)T
n2(max) Lo n2(max) Lo
where : Lo is magnetic inductance of secondary side winding. In the steady
state, the minimal flux value @i,y at time 7" at the end of operation period
is equal to the flux value at the beginning of operation period at time ¢ = 0.

, (4.16)

Uoav)(T — t1) Uo(av) - torr
QP(T) = P(min) = S G + ¥ (max) — _ ey ort + ¥ (max)»

ny n2
(4.17)
hence the flux value at the time instant ¢;:

Yowv) -torr

@(t1) = P(max) = P(min) T s (4.18)
The flux value at time ¢; can also be calculated using Eq. (4.5):
E E
SO(tl) = P(max) — 7'L71 i1+ gp(min) = 7171 ton + gO(min) : (419)

The input-output voltage gain can be obtained using Eqs. (4.18) and (4.19)
comparing the flux at time ¢1:

E Uoav) - torr
¢(t1) = — ton + P(min) = P(min) T+ SO _or (4.20)
ni no
Uowav) _meton _m2 ton _me2 Y (4.21)
E nitorr mT —ton nil—7 '

It can be noticed that the flyback converter can be used both as the step-down
and step-up converter. The voltage gain depends only on the duty cycle and
transformer turns ratio. The average value of the output current equals:

Uo(av
Toavy) = R(o ) (4.22)
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Assuming that converter is lossless, the power supplied P; is equal to the
output power Pp:

Pr=Po <= E -ILav) = Uoav) - loav) (4.23)
Hence, the current ratio is equal:

Liavy  Uow,vy n2 v

The average value of the primary transformer side I,,1(av) can be determined
by:

ton

T
1 1 E
nl(AV an f (flt + Inl(min))dt =
0 0

1/ B
= T 2L tON + Inl(mm) lon | =

E-tox E-n-T
=7 < oL, +In1(min)> =7 < 2L, +In1(m1n)>

Rearranging Eqgs. (4.24) and (4.25) allows to obtain the minimum value of the

(4.25)

primary current f,,q(min):

Liuavy E-v-T nolonavy E-v-T

L= — == — 4.26
Inl(mln) ~y oL, ni 1—r 2L, ( )

The increase of the primary side current Al,; at time toy is equal to:

Alle-tle-tO]\[:E-’y-T (427)
" L1 L1 L1 '

hence the maximum value of I,,1(max):

n2loav)y  E-n-T

4.28
ny 1—v 2L, (4.28)

Inl(max) Inl(mm) +ALy =

Solving Eq. (4.10), the maximum value of secondary side current I,,5(yax)
equals:
s _m _loawvy , mE-y-T
n2(max) o nl(max) 1—~ ny 2L, :

(4.29)
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The minimal value of secondary side current I,5(yin) is equal:

I n _fowv) m E-y-T

n2(min) — — " 4nl(min) —

4.30
ny 1-— Yy n9 2L1 ( )

4.1.2 Boundary current conduction mode

The increase of the load resistance Rp — with unchanged the other parameters
of converter — leads to a reduction in the minimum current values i,; and
in2 and therefore the minimum value of transformer flux ¢(y,;,). For a certain
value of the load resistance Rp = Rpgy, the minimum transformer current and
flux values reach zero only at the beginning (end) of period (Fig. 4.6). In that
situation, the converter operates in the border of continuous and discontinuous
flux. In the sub cycle ¢t € (0,¢;1), the current iy is determined by Eq. (4.31)
with zero initial condition (I,;1(min)= 0):

in(t / Lt = (4.31)

The Iny(av) average value can be obtained transforming the Eq. (4.26):

E-~2.T
Lavy = ToL, (4.32)
The maximum value I,,(jax) 1S determined from Eq. (4.31):
E-t E-t E-v-T
Inl(max) = Al = L— ON 7 (433)

L1 L1 L1

The magnetic flux increases linearly from zero to ¢(yay) as follows:

/dt ==t (4.34)

In the result of the flux continuity, the secondary side current — at time ¢;, when
switch @ turns off — reaches the maximum value I,9(yax) as it is described in
Eq. (4.10). After ¢;, the flux decreases linearly (Eq. (4.12)). In time ¢t = 0 and
t =T, the flux is equal to zero:

Uoaw)(T — t1) _Uov) - torr

90(0) = (P(T) = + P (max) =

+ P(max) = 0
no ng

(4.35)
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hence, the maximum flux value equals:

Uoav) - torr

= 4.36
% (max) o ( )
since from Eq. (4.34):
E
= — ton- 4.37
¥ (max) n ON ( )
The input-output voltage gain can be calculated comparing Eqs. (4.36) and (4.37):
U, t t
o) _mloy _m fov _m 3 (g
E ny torr  m1 T —ton n1l—v

It can be notice that the input-output voltage ratio for continuous and bound-
ary conduction modes is the same as it depends only on the transformer ratio
no/ny and duty cycle 7. However, it is independent of the load. Similarly, the
formula for current ratio remains unchanged (4.25). The average value of the
primary side current for converter operating in boundary conduction mode is
equal to:

T
1 ) E
InlgT(AV) = T /an = / —tdt = <2L1 : tON)
0
E -ton E-~42.T
= = , 4.
K ( 2L, > oL, (4.39)
and the average value of the load current is described by:
ni E-~-T
1 = —(1—-vy)——— 4.4
Transforming the relationship Eqgs. (4.38) and (4.40) obtains:
2
ny Uoavy T
1 = |—(1 - _— 4.41
ot = | 2h(1 - )| 2o (141)

The average value of the load current Ip,,.(av) reaches maximum for duty cycle
v =1/3 (Fig. 4.7):

1 4 ny 2 UO(AV) -T
IOgr(AV)(max) = IOgr(AV) (’7 = 7) = g <ng> T (442>
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Fig. 4.7: Characteristics Ipg.av) = f(7)

From Eq. (4.40), the value of boundary resistance can be calculated:

Uoav) _ 2Ly 1
IO(AV)gr T |:’I’L1(1 B /y):| 2

n2

ROgr = (443)

The operation of the flyback converter in boundary conduction mode — in the
author’s opinion — is the most efficient, easy to control with minimal elec-
tromagnetic interference compared with the other two modes. There are many
integrated circuits dedicated for this operation mode. It can be noticed — based
on Eq. (4.43) — that the boundary resistance value, at which the converter op-
erates in boundary conduction mode, depends on the operation period T' (or
frequency f), the duty cycle v, inductance L and the transformer turns ratio
Y. In Fig. 4.8 the characteristics Rogr = f(y) is presented for constant values
of T', L and .

4.1.3 Discontinuous current mode

Depending on the operation condition, if the magnetic flux in the transformer
is periodically equal to zero in the interval ¢ € (t2,7"), the converter works in
discontinuous mode. It means that in some phase of the cycle no current flows
through the windings and the load is fed from the capacitor, where energy
was stored in the electrical field during the previous cycle. The discontinuous
mode can be obtained eg. by increasing the values of load resistance above the
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Fig. 4.8: The dependence of the load boundary resistance of the duty cycle ~

boundary resistance (Eq. (4.43)). In the first subcycle t € (0,¢1) — similarly as
it is in continuous and boundary modes — the primary winding current increase
linearly from the zero initial condition:

'n —dt 4.44
im / o (4.44)

The primary winding current reaches the maximum value at time ¢1, when the
switch @ is turned off.

‘ E E E.-~-T

an(tl) = Inl(max) = Etl = fltON = 7[/1 . (445)
The maximum value of the current in the secondary winding I;,9(may) is equal
to the current I,1(jayx) multiplied by the value of transformer turns ratio:

n1 n E-v-T

In2(max) = n72 : Inl(max) -

4.46
I (4.46)

In the time instant ¢1, energy stored in the transformer magnetic field reaches
the maximum value:

W Ly I 1(max) Ly I n2(max)
(max) — 2 2 :

(4.47)

Assuming the switch @) is ideal (voltage drop is equal to zero), the primary
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Fig. 4.9: Current and voltage waveforms of flyback converter operation in
discontinuous mode
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side voltage equals the input voltage u; = FE, taking into account winding
inverting, the value of the secondary side voltage us(torr) is equal to:

ugz——-ulz——~E. (4.48)

In the sub-period torpr € (t1,T) the switch remains open, because the primary
current stops to flow when switch turns off. The magnetic flux induced in the
core at sub-period t € (t1,t2) causes the secondary side current flow 4,2, which
decreases linearly and reaches zero at time 9. Neglecting the voltage drop on
the conductive diode, voltage ugs = Up(ay) = const, consequently:

din2

dt
The secondary current iz reaches the maximum value I,,5(1ax) at time g, so
it can be described by:

, Uoa Uoa
ZnZ(t) = - / # dt = *#(t - tl) + In2(max)p =

Uo(av)
= - t—1 + ITL max)p —
Lo ( on) 2Amax)p Lo

In time to the secondary current drops to zero:

Ug = UO(AV) == —L2 (449)

4.50
Uo(av) (4.50)

(t - FVT) + In2(max)p .

U,
ina(ts) = 0 = — O(AV)

U,
(t2 - tl) + In?(max)p = _%At + In2(max)p7 (451)

where At is time interval from ¢; to ts.
Transforming Eq. (4.51), the interval At is calculated:

_ L2 - InQ(max)p

At 4.52)
Uo(av) (
Then substituting (Eq. (4.46)) into (Eq. (4.52)), we obtain:
L2 - Ino(max E-~.-T
Ay L2 Doy _mi L2 By T (453)
Uo(av) nz L1 Up(av)

It is known from the ideal transformer theory that the magnetizing inductance
ratio Ly/Ly determines the value of stored energy at a time ¢; (Eq. (4.47)) or

(Eq. (4.9)) 2 2
L2 _ (Inl(ma")?’> _ <n2> _ (4.54)
L1 InQ(maX)p ni
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Substituting (Eq. (4.54)) into (Eq. (4.53)), the length interval At ultimately
is:

L : In max E . . T
Ay - L2 In2maxp _mo By T (4.55)
Uo(av) n1 Uocav)
Hence the total converter voltage ratio is equal to:
Uonav)y mnovy-T
== —. 4.56
E ny At ( )

Assuming the ideal converter is lossless (the input power F; is equal to output
power P,), the current ratio for the flyback converter operating in discontinuous
mode is equal to :

E -1

n1(av) = Uoav) - Lopav)
(4.57)
lopavy B m At
Liuavy  Uownvy nev-T
The input current average value I,,1(av) is described by:
to
E
Liavy = /an t)dt = — / —tdt = <2L : t20N> =
! (4.58)

_ E -ton . E-~.-T

M\ ) T e )
Substituting (4.58) into (4.57), the output current average value in discontin-
uous mode can be obtained:

ny At ny At (E-VQ-T)

I _m At - 4.
op(aV) = o~ I av) I (4.59)

nyy-T

4.2 EMI propagation paths

The EMI generation in the flyback converter is directly connected with the
periodical commutation of the switch @ (transistor). The fast increase and
fall of voltage and current causes the oscillations in sub-circuits composed
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of basic and parasitic elements [33, 34, 35, 36]. In the flyback converter the
most important components — from the EMC point of view — are transistor,
diode and transformer. Also parasitics — including wires, conduction tracks—
are significant in perturbation propagation. The crucial parameters — presented
in blue in Fig. 4.10 — are related to the transformer and semiconductors:

e transistor internal capacitance (see Section 2.1.2)

e magnetizing inductance Li,,, primary and secondary leakage inductance
Ly, primary Cy,1 and secondary Cs windings capacitance, winding-to-
winding capacitance C1a, Cap [11]

e parasitic capacitance C} between the transistor and heat sink, connected
to the primary ground potential

e parasitic capacitances Cpoy and Cpra— between the PCB track on the
secondary side and ground

e diode internal capacitance C; 37|

It should be noticed, that the EMI generation mechanism description requires
an accurate models of semiconductor devices, transformer and parasitic capac-
itances [38]. The methods of its parameters extraction is shown in Chapter 2.

In Fig. 4.11 the main coupling path — both common (green line) (brown line)
and differential mode (magenta line) — are presented [39]. In the case when
the flyback convert is fed from the diode rectifier the modes can change from
differential to common and vice versa. In the next section influence of chosen
components on the interference level and path is discussed.

The presented analysis has been done based on measurements in the few proto-
types and simulation models. In the laboratory prototype investigation, volt-
ages, some currents and interference can be measured. The influence of the
components on EMI generation and propagation can be mainly investigated
by simulation, thus the wideband simulation model of the converter was built
including the complex model of major components and parasitics. The damp-
ing and attenuation elements like snubber or clamp were not included, in or-
der to make the phenomena more visible. In Figs. 4.12 and 4.13 the spectra
of transistor, diode and 502 LISN resistor are presented for continuous and
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Fig. 4.11: Main propagation paths in flyback converter

discontinuous modes. The shape of both spectra are similar, there is only the

difference caused by the oscillation in discontinuous mode during transistor
turning off (visible in Fig. 4.13 for 1.8 MHz).
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In the spectra the distinctive peaks appear:

the basic harmonics (here for 37 kHZ)
the sub-harmonics (in the range 80 - 400 kHz)

oscillation in discontinuous mode during transistor turn off (for 1.8 MHz)
(Eq. (4.61))
ringing oscillation during transistor turn on (for 18.3 MHz)

ringing oscillation during diode turn on (for 22.1 MHz) (Eq. (4.62))

peaks link with transistor slew rate (for 21.7 MHz)

160

120

Upg [dBuV]

Up [dBuV]

10* 10° 108 107
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Uy gn [dBRV]
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Fig. 4.12: Flyback converter voltages spectra in continuous mode

4.2.1 Transistor

The main interference source in the flyback converter is the fast switching
transistor. In typical application, the MOSFET or other field effect transistors
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Fig. 4.13: Flyback converter voltages spectra in discontinuous mode

are used, but for high power the IGBT can be applied. During the commutation
the current and the voltage change fast from operating level to near zero and
vice versa. From EMI point of view, the transistor can be modeled as the two-
state resistance parallel with nonlinear capacitance. The transistor internal
capacitance — in the flyback converter — is the part of the resonant circuits and
it is responsible for the resonant peak visible in spectra as the ringing peak
after transistor turn on.

In Fig. 4.14 the spectra are presented where the internal transistor capacitance
during commutation is two times greater in relation to Fig. 4.12. It can be no-
ticed that ringing peak in the Uygs spectra is shifted left both in CC'M and
DCM. There is no influence on the others peaks. The Cpg capacitance domi-
nates in interference generation but it is negligible in interference propagation.
This is typical for a low power converter, where the transistor capacitance has
similar value as internal capacitance of transformer C,;. For middle and high
power, this effect can be no visible, because the transformer capacitance is
larger by several orders. The value of transistor capacitance during turning on
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Fig. 4.14: Influence of MOSFET internal capacitance increase: C'pg * 2

Cps = Coss — Crss can be derived from the data-sheet as a function of drain
— source voltage Ugs = E + (U, + Uy)?Y, where E is the input voltage, Uo -
output voltage and Uy - diode voltage.

The transistor is located on the PCB and typically affixed to the heat sink.
The heat sink usually is grounded. This structure can be represented by the
capacitance between drain node and the ground C4. This capacitance has
great impact on propagation of the common mode interference [40, 41|. The
drain node potential is changing fast during transistor commutation, thus the
parasitic current flows to the ground and returns in both primary side main
paths of the converter. In Fig. 4.15 the impact on the voltage spectra is pre-
sented, where C),q has been increased 10 times. It may happen for a converter
with different lengths of the PCB track, distances between the track and the
ground or construction of the heat sink. The location of peaks has not changed,
but the level of transistor ringing and adequate noise registered in the LISN
increased.
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Fig. 4.15: Influence of dren - ground parasitic capacitance increase: Cpq*10

4.2.2 Diode

The diode located in the secondary side circuit starts to conduct current when
transistor in the primary side is turned off. In the flyback converter fast diodes
(eq. Schottky diode) should be used. During the commutation the voltage os-
cillation is generated. The frequency and amplitude of this oscillation depends
on the components of resonant circuit that consists of the transformer parasitic
(leakage inductance and windings capacitance) and internal diode capacitance
Cy. Due to the use of a dominate role of the transformer, the wires and tracks
parasitics can be neglected. For estimation of Cj the model based on the space
charge layer capacitance can be used [37].

Cao

Up\ /2
1 _
<+<z>>

Cy= (4.60)

where:
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¢ — diffusion potential (for silicon diode 0.6 — 0.8 V),
Ug — reverse voltage (defined positive),
Cgo — capacitance at zero applied voltage (parameter from datasheet),

The internal diode capacitance C; impacts mainly on the diode ringing fre-
quency, which is visible in Fig. 4.16, where it is increased 10 times. The major
difference is in the Uy spectra where the diode ringing peak shifts to the left
from 22 to 2.6 MHz. It can be noticed that C; does not affect on the interference
level because of transformer filtering effect.

2 120 //\/V\
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;o 80 | WUW\R MW‘I ",
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=

104 10° 108 107
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Fig. 4.16: Influence of internal diode capacitance increase: Cy*10

The parasitic capacitance Cp. between diode cathode node and the ground
has minor but not negligible impact on the DM interference propagation. It
consists a part of the propagation path of DM perturbation generated both
for transistor and diode turning off. In Fig. 4.17 the value of C),. is increased
ten times as compared to Fig. 4.12. It can be noticed that the level of diode
ringing peak registered in the LISN is increased although the level of this peak
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in Up spectra remains the same. The significance of C). depends on the PCB
layout and transformer construction for specified application. Usually, for low
power converters, it could be neglected. The C),. does not effect on the diode
ringing frequency.
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Fig. 4.17: Influence of cathode - ground parasitic capacitance increase: Cp.*10

4.2.3 Transformer

The air-gapped transformer (coupled inductors) in the flyback converter is
used for storage and transfer of energy. As all physical devices — except the
operation parameters — it has parasitic parts which impacts on interference
generation and propagation. The leakage inductance L, derived from leakage
flux results from imperfect magnetic coupling between windings. It depends on
geometrical parameters of the transformer, materials and the spooling method.
The L, has the great impact on interference generation as a part of resonant
circuit during transistor and diode commutation. The interaction between L.,
semiconductors internal capacitance and transformer capacitance is the origin
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of voltage and current oscillation when semiconductors change their state [42].
In Fig. 4.18 it is shown what can happen, when L, increases ten times in
comparison to Fig. 4.12. All characteristic ringing peaks shift to the left and
their level increases. This phenomenon is visible for the whole power range
of this kind of converter, but especially it could be dangerous for high power
devices, where the great dimension transformer has relatively large leakage
inductance.
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Fig. 4.18: Influence of transformer leakage inductance increase: L,*10

The capacitive behavior of the flyback transformer can be described using
lumped capacitors representing winding capacitance and straight and cross
inter-winding capacitance as it is shown in (Fig. 2.11). Additionally, the ca-
pacitance to the ground could be included. Both windings capacitance C'; and
(5 take part in ringing oscillation together with leakage inductance L, [43].
The impact on the ringing frequency is not so strong as L., because they are
part of total capacitance in the resonant circuit including semiconductors in-
ternal capacitance and other parasitics (of course it strongly depends of the
physical and geometrical properties and the nominal power of converter). In
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Fig. 4.19 the characteristic spectra are shown, where winding capacitance C
increased tenfold. It can be noticed that the ringing peaks are shifted to the
left slightly, compared to Fig. 4.18. The level of ringing peak increased insignif-
icantly. The second peak (here for 10.4 MHz) in the Upg spectra is damped
as a result of the filter operation of (. The similar effect takes place for the
second winding because of the (5. These winding capacitance are the part of
interference propagation paths, but their impact in the EMI registered in LISN
is small.

Ups [dBuV]

120 F

Up [dBuV]

Uy 1sn [dBuV]

10 10° 108 107
frequency [Hz]

Fig. 4.19: Influence of transformer winding capacitance increase: C1*10

The inter-winding capacitances in transformer (Fig. 2.11) have great impact
on CM and DM generation and propagation. The interference current flows
through these capacitances in both directions, thus they are part of all main
resonant circuits. They participate in all generations of oscillations. In Fig. 4.20,
example of an impact of Cio on voltage spectra is presented. The Cio value
increased tenfold. The ringing frequencies moved to the left. Moreover, the
dumping effect appears in the narrow range (here for 5 MHz). This phenomenon
could be applied to attenuate the interference, by conscious design and choice
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of transformer where the C19 has a significant value, for example by using the
sandwich winding technique.
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Fig. 4.20: Influence of transformer inter-winding capacitance increase: C12*10

The close loop propagation path inside the converter could be created by
adding the auxiliary Y-capacitor between winding [44]. The fast Y-type ca-
pacitor should be used in this application. There are few methods to connect
the Y-capacitor, but in the author’s opinion it depends on the geometrical
structure of converter and transformer and it should be selected individually
for the specific application.

In figure Fig. 4.21 the example of C, location is presented, where the addi-
tionally capacitor connects the second winding beginning and the MOSFET
source node. In this case C, impacts on the level of diode ringing interfer-
ence registered in LISN. In Fig. 4.22 the spectra of Upjgny in function of
the Cy € (1pF + 1puF') are depicted. It is visible that the diode ringing peak
strongly decreases where ) became greater than sum of transformer inter-
winding capacitances Y Cy.. Moreover, the slight decreasing of interference
linked with transistor commutation is visible for C,, = > Cy,. In conclusion,
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in order to find optimal value of C, the knowledge about the internal trans-

former capacitance is necessary. It allows to create the additionally closed path
for interference inside the converter.
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Fig. 4.21: Example of C), placement
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Fig. 4.22: Influence on Uy gy of Cy located as in Fig. 4.21
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4.2.4 Simplified model for ringing frequency identification

One of the most effective method of EMI reduction is application of snubbers.
It can be noticed that the design procedure requires precise evaluation of the
ringing frequency generated during semiconductor switches commutation and
the value of the transformer leakage inductance. The most popular and practi-
cal way is to measure these oscillations during laboratory tests — but it requires
the working prototype. This knowledge in the early design stage enables less
time-consuming design of the presented flyback converter. The simple model
is described in details in [45] can be used for fast ringing frequency both for
transistor and diode turn off. The model is defined for two state of converter
and it includes:

transformer leakage inductance L,
primary winding lumped parasitic capacitance Cy

secondary winding lumped parasitic capacitance C% referred to primary
using the turns ratio v

parasitic capacitance Cpq between the MOSFET and heat sink, connected
to the primary ground potential

output filter capacitance C? , referred to primary
internal transistor capacitance Cpg

internal diode capacitance Cp (Eq. (4.60))

The MOSFET turn off model is presented in Fig. 4.23 yields:

1

Jrr = 21/ Ls(Cpg + Cps + C1)

(4.61)

Respectively, for the diode turn-off (Fig. 4.24) ringing frequency one obtains

1

T 2 /L, (Cp £ C)

for (4.62)




82 CHAPTER 4. FLYBACK CONVERTER

L, Diode
YN >

Chpa
et ol
_ out

Cps

Cq

| |
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Fig. 4.24: Simplified flyback converter resonance circuit for diode turn-off and
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Chapter 5

Isolated converters

5.1 Introduction

The common feature of isolated converters is having the transformer, which is
used for isolating and transferring energy between the input and the output
circuit. The flyback converter is also isolated converter, but the transformer is
also used to storage energy (separately describe in Chapter 4). The role of the
transformer determines the mechanism of interference generation and propa-
gation. In this chapter electromagnetic compatibility of isolated converters is
described by example of the full bridge converter. From the EMC point of
view, the phenomena for other isolated converters like forward, push-pull, half
bridge or even LLC resonant converters has the same nature.

5.2 Full bride converter — basic operation

The full bridge converter contains the four power electronics switches (usually
MOSFET or IGBT transistors 77 + T connected with the reverse diodes).
The converter is composed of the two legs of the inverter and rectifier linked
by the transformer. The rectifier should be build with fast diodes as half or
full wave topology [46]. For the bidirectional converter, the impulse full bridge
can be used as rectifier-inverter in the secondary side of the transformer. In fig
Fig. 5.1 the full bridge converter with the diode rectifier with center-tapped
transformer is presented. Moreover, it is possible to build the non-isolated full
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bridge converter without transformer where the average value of the output
voltage can be controlled using the bipolar or unipolar strategy.

In DC-DC converter — shown in Fig. 5.1 — the switches are non-overlapping
turned on in pairs 71,7y and T5,T5. In typical application the transistors are
control by a dedicated integrated circuit or a micro-controller, which generates
the Ugg voltages. It is important to assure that control circuit does not cause
undesirable connections in the converter, so the special technique — eg. boostrap
with additional capacitors - should be used. The maximum duty cycle for each
pair is equal to:

Z

Ymazx =0.5— ? (51)

where t4 is a dead time to avoid short circuit in leg and 7' is the operation
period. Dead time depends on the type of transistors used and ranges from
fractions of microsecond to dozens of microseconds. The role of the transformer
is to transfer — not to storage — energy, thus the magnetizing inductance should
be as small as possible, but large enough to limit the current.

éﬁs b
JJ% ek

Fig. 5.1: Full bridge DC-DC converter - basic schema

5.2.1 Continuous mode

In the time interval ¢ € (0,77) the switches T} and T5 are turned on as it is
presented in Fig. 5.2. Assuming the zero voltage drop across the switches, the
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voltage on the primary transformer winding is:

dirg
=U,=L,,—— 5.2
ur1 & (5.2)

where: L1 is magnetizing inductance from primary side winding. Transforming
Eq. (5.2), the primary current is equal to:

t
iLl:;/ ulet—l—Z'Ll(O):%—FiLl(O) (5.3)
1Jo 1

where i71(0) is the primary side current at ¢ = 0. For continuous mode it
has some non zero value, but for discontinuous mode equals zero. The ripple
current depends on value of magnetizing inductance and operation frequency
fs=1/T:
UZ'")/T . Ui

Ly fsLa
Because ir(4y) = 0, the ir; reaches minimal value at time ¢ = 0 and it is
equal to:

ANip1 = iLl(’yT) — iLl(O) =

(5.4)

. Airy U;
A =— = 5.5
iz1(0) 5 T 3Ll (5.5)
and maximal at time t = «T as it is presented in Fig. 5.5:
. AT Ui
A T) = = 5.6
ir1(7T) ) 2.1, (5.6)

The diode Dy is turned on and the Dy is off. The voltage across inductor —
from the second Kirchhoft’s low —is the difference between the second winding
and output voltages.
Qi
Aup = Ui — U, = Lﬁ (5.7)

Thus output current is equal:

1t 1/t 1
to = L/O wurdt + i pmin = L/O (Uﬂ? — Uo)dt + 1 Lmin = Z(Uzﬁ — Uo) + 1 Lmin
(5.8)

where 71, 18 the minimal output current value at t = 0.
The maximal inductor current iz,q, is at time ¢t = 7T

. 1 )
tLmax = Z(Uzﬂ - Uo)'}/T + 1 Lmin (59)
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Fig. 5.2: Equivalent circiut of the full bridge DC-DC converter for ¢t € (0,~+7)
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The current ripple Ay, is the difference between minimal and maximal value
of ¢ L-
. . ) 1
AL = i Lmaz — T Lmin = Z(Uiﬁ —UT (5.10)

After time t = ~T the switches T} and T, are turned off as it is shown in
Fig. 5.3. The primary side current stops to flow, because all four switches are
off. Both diodes in the secondary side are turned on, thus voltage across the
inductor is equal —U,. The output current iy, decreases linearly:

YT U,
=g [ wdti0T) == +i0T) G
t

and the current ripple Aip is

Uo

Aig = (5 =T) (5.12)

At time ¢t = T/2 the switches T5 and T3 are turned on as it is shown in
Fig. 5.4. The primary winding current starts to flow — analogously as it was
for t € (0,74T) — but in opposite direction:

¢ Ui, T Uiy

1
i1 = — urdt +i51(T/2) = t——)+
= s L r1(7/2) L1( 2) SF.L1

(5.13)
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Fig. 5.3: Equivalent circiut of the full bridge DC-DC converter for
te (WT,T/2)

In the secondary side, the diode Dgo is on and the output current is similar as
described by Eq. (5.8), but time is shifted by 7'/2. The current ripple Aiy, for
times ¢t € (0,77") and t € (yT,T/2) should be equal, so referring to Eq. (5.10)
and Eq. (5.12):

1 U, T T

F (U = U T = 2 (5 —T) & (U = Up)y =Us( —7),  (5.14)

L L2 2
the relationship between the input voltage U; and the load voltage U, for ideal
components is given by:

— = 2y0. (5.15)

5.2.2 Boundary conduction mode

The converter is the boundary conduction mode, when ¢; falls to zero only
at time ¢ = k- T/2 (for k= 0,1,2,3 ...). Substituting for equations from the
previous section (iLmin = i(kKT/2) = 0), the current ripple Aip ;) in boundary
conduction mode is:

UsT(5 — V)

5.16
Lo, (5.16)
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Fig. 5.4: Full bridge DC-DC converter - basic schema

Y

Substituting Eq. (5.15) to Eq. (5.12) and Eq. (5.16), the average value of the
output current is:

ANigwy  Uolz—w) U,

®) 2 2fs L) R, (5:17)
The load resistance R at the boundary is equal to :
Uo  2fsLw)
Ry = = 5.18
O Ty 12—~ (5.18)

The minimal value for maintain the converter in the continuous conduction
mode is given by:
Uo(l/2 - ’y(b))

2fsLov) (5.19)
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R(b)/(fS L(b))

Y

Fig. 5.6: Load resistance R(y)/(fsL)) in function od duty cycle 7. Boundary
between CCM and DCM

5.3 EMI propagation paths

In the full bridge DC-DC converter there are many sources of interference: four
transistors switched in pairs because of occurrence of the dead time and the
alternation switching of two rectifier diodes in the secondary side. The EMI has
both CM and DM components, but usually C'M dominate. The main sources
are the fast switched transistors, but the greater impact on the interference
properties and the propagation path has transformer, especially for high and
middle power converter where the transformer parasitics have greater values
than others ones.

In Fig. 5.7, the parasitic components that have the greatest impact on EMI
are presented:

e the primary C,,1 and secondary C.,2, Cy3 windings capacitance, winding-
to-winding capacitance Cho, Co1,

e the magnetizing inductances L,,, primary and secondary leakage induc-
tance L,
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Fig. 5.7: Full bridge DC-DC converter - most significant elements in EMI
generation and propagation

e parasitic capacitance to the ground near to transistors drain node Cy,
diodes cathode node Cgj1

e transistor internal capacitance (for low power converters)

The inductance of the PCB conducting tracks are negligible compared to trans-
former inductances. The differential mode interference, generated in converter,
flows through all components in the time interval between transistors com-
mutation, but it can be easily limited or almost all canceled by the input
capacitors filters. It is preferable to use as the input filter at least two capaci-
tors produced in the different technologies (see Section 2.2.2): first to provide
a stable voltage level, second — fast capacitor - for filtering high frequency DM
noise. The common mode interference is generated during transistor commuta-
tion. It is can be divided into two groups: internal and outgoing, especially in
converters where transistors are alternately switched. The propagation paths
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of the internal interference are closed inside the converter e.q. when the tran-
sistor T is switch on, the potential of their drain fast changes and the part of
noise flows to the ground through parasitic capacitance Cy,1 and come back
via parasitic capacitance connected to source node of transistor 75 and next
through its internal capacitance Cgysg (orange path in Fig. 5.8). This kind of
interference cannot come out of the converter, but it can perturb the auxiliary
circuits like control, drivers or sensors, what can cause the dysfunction of the

whole converter.

Tj

g

e LISN - jﬂ%
L

Fig. 5.8: Full bridge DC-DC converter - EMI propagation paths

Aly

The outgoing interference always flows through the parasitic capacitance to the
ground and can be measured with LISN. In the middle and high power isolated
converters, the transformer has the greatest impact on the level and oscillations
frequency of EMI, because the values of its parasitic are much greater than the
others components of converter. The main outgoing interference paths contain
the transformer, thus the characteristic peaks in voltages spectra depends on its
parasitic parameters. In Fig. 5.9 the spectra of voltages on transformer primary
winding Uy, secondary side diode Up and interference registered in LISN
Urrsn are presented. The analysis is based on the prototypes measurement and
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simulation of wide band model build using components described in Chapter 2.
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Fig. 5.9: Full bridge converter voltages spectra

In the spectra the distinctive peaks appear:
e the basic harmonic (here for 50 kHz)
e the over-harmonics (in the range 100 k - 2 MHz)
e ringing oscillation during diode turn on (for 21 MHz)
e peaks link with transistor slew rate (for 28 MHz)

The oscillation during transistor turn on and off are not visible in this particular
case, because they are located in the frequency range above 30 MHz.

5.3.1 Transformer

The transformer is a very important component in the EMC analyses of iso-
lated converters, where it is used to transfer energy from source to load. Its pa-
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rameters depend on technology, technique of construction and used materials.
The procedure of transformer design for SMPS is widely described in literature
[47, 48, 1] or websides. The significant part of interference — generated by fast
changing semiconductors devices state in both sides of the transformer — flows
through the transformer. The resonant circuit contains the transformer mag-
netizing and leakage inductances and internal capacitances and also parasitic
components of semiconductors and conducting track. Considering the induc-
tances in the resonant circuit, the magnetizing inductance L,,, has usually the
greatest value and also has the most influence on the EMI level and propaga-
tion path. From the EMC point of view, the value of the L,, should be as small
as possible, in order to shift the resonant peak to high frequency range. If the
value of L,, is large, the undesirable peaks in EMI spectra appear. In Fig. 5.10
the voltages spectra are presented in case the value of C,r,, is increased ten
times as compared to Fig. 5.9.
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Fig. 5.10: Influence of transformer magnetizing inductance increase: L1 * 10

The level of presented voltages increased significantly for frequency equals 4.7
MHz, 10.5 MHz and their harmonics. The limitation of this kind of interference
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needs significant filtering treatment and it is preferable to avoid it in the early
design stage, by the selection of the appropriately low magnetizing inductance
L,,. The design process is the compromise between transformer properties,
switching frequency, the EMI level and filtering capability. From power con-
verting and the EMC point of view, the leakage inductance L, should be as
small as possible. It is responsible for ringing and overvoltage, but this ef-
fect can be efficient by applying the RCD clamp. The RCD clamp dissipates
the power, however it entails the undesirable power loss and reduces the ef-
ficiency. In Fig. 5.11 the voltages spectra are presented in case the value of
L, is increased ten times as compared to Fig. 5.9. In this case, increasing the
value of L, causes the gain of ringing, which is visible in diode voltage spec-
tra Uy as meaningful peaks at 7.2 MHz and 10.6 MHz. The lower interference
peak is propagated to LISN, but the higher is closed in the secondary side cir-
cuit loop. This effect occurs in this particular converter, but in general which
part of ringing interference is propagated depends on individual properties of
the circuit and filtering ability of transformer. In high power converters, the
leakage inductance L, are the main parameters in ringing generation and its
limitation is the best method of EMI reduction.

The transformer model consists of the lumped capacitors which represent its
capacitive behavior, but in the reality, the electric field connected with inter-
ference flowing through the coils is distracted. The windings capacitance Cy
and Cy are the part of the CM interference resonant circuit. They are respon-
sible for the level and frequency of the EMI generated during semiconductors
commutation. The C7 and Cy, next to L, , take the part in generation of ring-
ing. In Fig. 5.12 the voltages spectra are presented in case the value of Cy is
increased five times as compared to Fig. 5.9. It is visible, that C5 is the part
of few resonant circuits in both sides of converter and it interacts with transis-
tors and diodes capacitance, magnetizing L,, and leakage L, inductances and
copper tracks parasitics. The influence of winding capacitance is significant in
high (here above 10 MHz) frequency range. The characteristic peak appears
in diode voltage spectra and they are propagated out of the converter through
the parasitic capacitance to the ground. In practice, the winding capacitances
should be as small as possible and the PCB conducting tracks should be short
to ensure geometrical proximity between the semiconductors and the trans-
former.
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Fig. 5.11: Influence of transformer leakage inductance increase: Ly * 10

The inter-winding capacitances C1s and C91 are the part of high frequency
interference path in (in presented example the range above 15 MHz) and they
have negligible impact on low frequency noise, even in the high power converter.
However, they are responsible for ringing during diode turn on and transfer
noise between two sides of transformer. They have influence on perturbation
coming out of the converter and registered in LISN, but its impact depends on
geometrical properties of primary side layout. If the level of outgoing interfer-
ence is too great in the high frequency range, the close loop can be created by
increasing the parasitic capacitance connected with transistors 73 or Ty source
node. It can be preformed by changing the PCB track width. Moreover, the
y-capacitors can be added between two sides of transformer in order to shape
propagation path , but it location and value depend on individual properties
of the PCB layout and transformer and the best solution is to examine the im-
pact in the working prototype. In Fig. 5.13 the voltages spectra are presented
in case the value of C}s is increased five times as compared to Fig. 5.9.
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Fig. 5.12: Influence of transformer winding capacitance increase: Co * 5

5.3.2 Semiconductors

The voltage across the transistors Upg is controlled by the control system and
driver. The fast changing of Upg is the source of high frequency noise. If the
PCB layout is symmetrical — the parasitic capacitances to the ground or heat
sink in each branch has similar values — the main part of C'M noise is closed
in the internal loop, moreover the C'M noise is limited by the input filter.
However, the Upg impacts on outgoing interference generated by diodes in
the secondary side of the converter, because the state of diodes is correlated
with transistor state. The nonlinear internal capacitance of transistor is the
part of resonant circuits, where the interference is generated, but its impact is
negligible because — in the middle and high power converter — the value of C'pg
is much smaller compared to other parasites and for lower power converter the
resonant peaks are located very high in frequency range above the 30 MHz. In
Fig. 5.14 the voltages spectra are presented in case the value of Cpg is increased
ten times as compared to Fig. 5.9. In the primary side the interference peak
appears (here in the frequency of range about 5MHz in Up; spectra), but it
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is not propagated to the LISN. Furthermore, high level peak is visible in 24
MHz in all presented spectra, which is effect of interaction of parasitics and
it is propagated to the LISN. In some cases — especially in the middle power
converters — the resonant circuit containing the transistor, the inter-winding
capacitance C1g9 or/and Cyi, diode and PCB parasitic can be a source of high
level interference, which should be suppress using the RCD damper which lead
to undesirable power dissipation.

The diode turn off generates the ringing in the secondary side circuit, which
is propagated through the transformer and parasitic to the primary side and
LISN. The resonant circuit consists of the diode capacitance C}, the trans-
former internal capacitance Ca, C12 and the magnetizing inductance L,,, the
transistor capacitance Cgs and the PCB parasitics. Although, the non-linear
capacitance of diode junction Cj is relatively small, it has the great impact
of the interference generation, because it interacts with L,,. In Fig. 5.15 t he
voltages spectra are presented in the case the value of Cj is increased only
two times as compared to Fig. 5.9. Two characteristic high frequency peaks
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Fig. 5.14: Influence of transistor capacitance increase: Cy, * 10

are visible: first (here in 14.5 MHz) represents the ringing in the whole de-
scribed resonant circuit, (here in 23 MHz) the second includes only secondary
side components. It should be noted that lower frequency noise has an inter-
nal character. It is closed inside the converter and it is not propagated out to
the LISN. The higher frequency noise goes out through the parasitic ground
capacitances to the LISN. In order to avoid this situation, the conducted PCB
tracks ground capacitance in the neighborhood of diode should be as small as
possible. It can be obtained by shortening of the length of conducting tracks,
its distant position over the ground or non-grounding heat-sink. The CM fil-
ter should also limit the level of interference, but proper track design is more
effective and cheaper solution.

If the ground capacitance of conducted PCB tracks, in the neighborhood of
diode, has to high value, it can be the origin of high frequency noise as it is
shown in Fig. 5.16 where the ground capacitance of the PCB track connected
to diode anode increased ten times compared to Fig. 5.9.
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The isolated converters have a transformer which impacts on character off
interference. In the flyback converter the transformer is dedicated to storage
energy, thus its influence is stronger that other converters (like half-; full-
bridge, forward or push-pull) where the parasitic elements play an important
role. For this reason, ringing frequency prediction in the early design step
requires complex models which is a long time and work consuming process,
so the better solution is to build the prototype where the oscillation can be
measured directly.




5.3 EMI propagation paths 101

;160 A

§1go . —— G /J Aﬂ LR

:‘)J 80 | { al !
40104 1<‘)5 1(35 12)7
160

Up [dBuV]
\
J)
—
a
=

UL sy [@BuV]
g B
=

O L L L
10* 10° 108 107
frequency [Hz]

Fig. 5.16: Influence of parasitic capacitance between diode anode node and
the ground increase: Cgp * 10




102 CHAPTER 5. ISOLATED CONVERTERS




Chapter 6

Summary

In modern Power Electronics converters the problem of EMI generation is
important and can not be neglected. Furthermore, development of semicon-
ductors technology causes the increasing of the switching frequency, in order
to get greater efficiency and to use smaller passive components. Unfortunately,
the increased frequency causes the increasing of the level of the interference
especially in the high frequency range. The best way to limit the level of the
interference is properly designing with the identification of the source of per-
turbation, creating internal loops or selection of appropriate components and
their parameters. A well-designed circuit allows to limit the role of filters and
attenuating elements, which is connected with the cost and efficiency of the
converter. In this book, analysis of interference generation and propagation is
presented on the example of three basic converters, but this knowledge can
be easily extended to and type of converter. The information about the ba-
sic operation, the propagation paths and the influence of the most important
components and parasitic — contained in this book — can be useful for design
of the converters with low level of outgoing EMI.
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List of Symbols

CCM continuous current conduction mode.
CM common mode noise.

Cps MOSFET drain-source capacitance.
Cp diode internal capacitance.

Cap MOSFET gate-drain capacitance.

Cas MOSFET gate-source capacitance.

DCM discontinuous current conduction mode.

DM differential mode noise.

~v duty cycle.

ESL equivalent series inductance.

ESR equivalent series resistance.

IRy maximal diode revers recovery current.
LISN Line Impedance Stabilization Network.
L, leakage inductance.

QR diode revers recovery charge.

R, leakage resistance.

T operation period.

f operation frequency.

¥ transformer turns ratio.

tr, diode recovery time.

Ups dren-source voltage.
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Up diode anode - cathode voltage.

Ugs gate-source voltage.
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Partial element equivalent circuit (PEEC)
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