EMI Noise Reduction Techniques

for High Frequency Power Converters

Yuchen Yang

Dissertation submitted to the Faculty of the
Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in
Electrical Engineering

Fred C. Lee (Chair)
Qiang Li
Jaime De La Ree
Virgilio Centeno
SteveC. Southward

April 16™, 2018
Blacksburg, Virginia

Keywords:Wide-bandgap deviceshigh frequencyEMI, Magnetic

integration

© 2018, Yuchen Yang



EMI Noise Reduction Techniques

for High Frequency Power Converters

Yuchen Yang

Abstract

Switch mode power supplies are widely used in diffeegmlications High efficiency and
high power density are two driving forces for power supply systems. Howevedvidianddi/dt
in switch mode power supplies will cause severe EMI noise issue. In a typicadficbnbnverter,
the EMI filter usually ocupies 1/3 to 1/4 volume of total converter. Hence, reducing the EMI
noise of power converter can help reduce the volume of EMI filter and improving the total power

density of the converter.

The EMI noise can be separated as differential mbBdé) (noise ad common mode (CM)
noise.For off-line switch mode power supplie®M noise is dominated by PFC convertéiM
noise is a more complicated issue. It is contributed by both PFC converter and DC/DC converter.
The DM noise is contributed by input current rigplherefore, one method to reduce DM noise
is interleaving. There are three methods to reduce CM noise: symmetry, balance and shielding.
The idea of symmetry concept is generating another dv/dt source to cancel the original dv/dt source.
However, this métod is very difficult to achieve and usually has more loss. The balance technique
forms aWheatstone bridge circuit to minimize the CM noise. However, the balance technique
cannot achieve very good attenuation at high frequency due to parasitics. Shestimgue is

very popular in isolated DOC converters to reduce CM noise. However, the previous shielding



method requires precise control of parasitic capacitance and dv/dt. It is very difficult to achieve

good CM noise attenuation in mass production.

In this dissertation a novel ondayer shielding method for PCB winding transformer is
provided. This shielding technique can block CM noise from primary side and also cancel the CM
noise from secondary side. In addition, shielding does not increasesshef converter too much.
Furthermore, this shielding technique can be applied to matrix transformer structure. For matrix
transformer LLC converter, the intaninding capacitor is very large and will cause severe CM
noise problem. By adding shielding &xy CM noise has been greatly reducgithough flyback
and LLC resonant convertare use@s exampleto demonstrate the concept, the novel shielding

technique can also be applied to other topologies that have similar transformer structure.

With Wide-bard-gap power devices, the switching frequency of power converter can be
pushed 10 times higher than traditional Si based converters. This provides an opportunity to use
PCB winding magnetics. In order to reduce the switching loss, critical conduction snesbliin
PFC converter. Because of high AC current in the inductor winding, litz wire was used to build
the inductor. However, with coupled inductor concept and the proposed winding structure, CRM
inductoris integrate into PCB winding for the first timeurthermore, balance technique is applied
to reduce CM noise for PFC converter. With PCB windihg,balance technique has better high
frequency performance. hE PCB winding inductor can achieve high power density, high

efficiency and automated manufaetu

Traditionally, twostage EMI filter was utilized to achieve required EMI noise attenuation.
With the developed high frequency, low EMI noise converter, sisigige EMI filter can be
applied. However, there are sgérasitic and mutual parasitic conmgmts to impact the filter

performance on high frequency. The nald measurement is utilized to visualize the magnetic



flux near those filter components. Thus, a better filter design and layout can be achieved to have

better high frequency performance.
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General AudienceAbstract

Switch mode power supplies are widely used in different applications. High efficiency and
high power density are two driving forces for power syyistems. In a world full of electronic
devices, it is very important that these devices can work properly in a complicated electromagnetic
environment. Thus, electromagnetic compatibility (EMC) is a significant characteristic of
electronic devices. Howey, highdv/dtanddi/dtin switch mode power supplies will cause severe
EMI noise issue. In a typical fromind converter, the EMI filter usually occupies 1/3 to 1/4 volume
of total converter. Hence, reducing the EMI noise of power converter caredelge the volume
of EMI filter and improving the total power density of the converter. In this dissertation, several
methods to reduce EMI noise are proposed and analyzed. First, the shielding method for PCB
winding transformer is proposed. It can effeely reduce EMI noise at wide frequency range.
Second, balance technique is applied to reduce EMI noise of PFC converter. Traditionally, two
stage EMI filter was utilized to achieve required EMI noise attenuation. With the developed high
frequency, low EMInoise converter, singlstage EMI filter can be applied. However, there are
selfparasitic and mutual parasitic components to impact the filter performance on high frequency.
The neaifield measurement is utilized to visualize the magnetic flux near thieseomponents.

Thus, a better filter design and layout can be achieved to have better high frequency performance.
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Chapter 1. Introduction

1.1 Introduction to EMI and EMC

In a world full of electronic device# is very important thahese devices can work properly
in a complicated electromagnetic environment. Thus, electromagnetic compatibility (EMC) is a
significant characteristic of electronic devices. The definition of EMC according to International
Electrotechnical Commission (IBC i Ise alfilily of an equipment or system to function
satisfactorily in its electromagnetic environment without introducing intolerable electromagnetic
disturbances to anything in that environmégfi. Nowadays, EMC is becoming more and more
important First, more and more applications are going to be electrified, such as automobile, ship,
and aircraft. Every devices in these applications must work properlguoeasafetyln addition,
recent years have seen a dramatically growth of personal electronic devices. We are facing a more
complicated electromagnetic environment that we have never met before. Second, modern
electronic devices are more susceptible totedenagnetic disturbances. The lower supply voltage
is more easily affected by noises. Higher switching frequency is introducing severe disturbances.

Furthermore, the pursuing of power density is making electronic devices closer to each other.

Electromaget i ¢ 1 nt er f e rdegradagon of the pgréofmancesotian egsipnient,
transmission channel or system caused by an electromagnetic distorffdndehere are four

methods that the electromagnetic interference can propagate from the noise source to the victim:
(1) Conducted interference;

(2) Radiated interference;
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(3) Inductive interference;
(4) Capacitive interference.

The conductednterference means the noise propagates through conductors. Radiated
interference propagates through the radiation of electromagnetic field. The inductive and
capacitive interference combined as the near field coupling propagates from the noise source to

the victim.

EMI can cause malfunction of electronic devices, from the annoying cell phone interference
to lethal failure of life support equipment in the hospital. In order to avoid those intpacesare
several EMI standards to limit both the condu@gd radiated EMI noise, such as FCC part 15 in
United States and CISPR 22 in Europ#&y. 1.1 shows the EN55022 Class B standards for

conducted EMI noise.

20

80

\ [

50

EMI Noise Limit (dBuV)

40

30— - -
1x10° 1x10° 110 1x10°

Frequency (Hz)

Fig. 1.1 EMI standard EN55022 Class B for conducted noise
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1.2 EMI Measurement

Becawse of the complexity of EMI propagation path, different measurement setup leads to
different result. In order to get a constant measurement condition, EMI standards provide the
specified measurement setup. The FCC measurement setup is stioguri.ia

FCC test setup
>0.8m

Shield wall

AC Line

Ground Plane
>2m

>2m

Resolution Bandwidth:
150kHz-30MHz, 9kHz

Fig. 1.2 FCC measurement setup

Line Impedance Stabilization Network (LISN) is used to guarantee constant measurement
condition. Fig. 1.3 shows the internal circuit of a LISNthe main function of LSN is that it
provide a stable loop impedance that can get repeatable measurements of the ENISdise.
works like a lowpass filter that it can block high frequency noise from the power source and allow

low frequency power flow to the EquipmedhderTest (EUT).
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In the real measurement setup, two LISNs are needed to connect between power source and
EUT as shown ifirig. 1.4. A spectrum analyzer is connected to ongNLto pick up the total noise

while a standard %0 terminator is connected to the other LISN.

LISN
ACin ! 50uH + AC out
. SFWF SF0WF
v 1k 5 To50m terminator or

(') spectrum analyzer

.............................

Grounded Shield

Fig. 1.3 Internal circuit of a LISN

... LISNs -

’ 50uH . .
AC ¢ o 0 Equipment
in ~¢ 50uH & Under Test

E ___|_ 0.1u ‘I‘O.qu .

. = O

E Tk [ |1km Spectrum

. v .’ Analyzer

50m Terminator

Fig. 1.4 Practical noise measurement circuit

There are three different methods to measure EMI noise: peak, average anubgkdsie
peak detector picks the maximum amplitude of the noise signal for each frequency. The average

detectortakes an envelopaetectedignal and passes it through a tpass filter with a bandwidth
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much less than theesolution bandwidthThe filter integrates (averages) the higfiregquency
components such as noisQuasipeak detectois a weighted formof peak detection. The
measuredvalue of thequasipeak detectodrops as the repetition rate of the measured signal

decreasef3].

1.3 Conducted EMI Noise in Svitch M ode Power Supplies

Switch modepower supplies are widely used in different applications, such as power supply
for telecom and server, silver box for desktops, adapter for laptops and charger for personal mobile

devices.

Switch mode power supplies is a complicated system and have nliffgrectures for
different applicationdrig. 1.5 shows the structure pbwer supply below 75\\Because the power
is below BW, it do not need a power factor correction (PFC) cirduie diode bridge rectifies
the AC input voltage to DC voltage. The isolated-DC converter converts the DC voltage to
desiredDC bus voltage. Then the voltage regulator (VR) module convertsuhe/ditage to

different load voltage and assures the required transient performance.

AC Line EMI Diode isolated DC
; DC/DC outout
~ Fllter Bridge Converter P

Fig. 1.5 Structure of low poweconverter

For the power supply for server and telecom system, the structure is affdtlerdiFig. 1.6
shows the structure of froeind converter for server and telecom system. First, the PFC converter
rectifies the AC input voltage to 380V DC voltagecond, the DEOC converter converts the

380V DC voltage to a 48V/12V DC bus voltage. Then the voltageatgunodule will take over.
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p—g N Isolated
AC Line EMI PFC DC/DC DC
~ Filter Converter C it Output
J U J1 Converter

Fig. 1.6 Frontend converter for server and telecom

Switch mode powerupplies never stop pursuing high efficiency and high power density. In
order to reach this goal, new semiconductor devices, such as GaN and SiC, are being developed.
In addition, circuit topologies,structure and control method continue improving to hegken

switch mode power supplies smaller, lighter and more efficient.

However,high dv/dtanddi/dt in switch mode power supplies will cause severe EMI noise
issue.Hence, EMI filter is always needed in switch mode power supply to attenuate severe
conductedEMI noise.Fig. 1.7 shows a statef-the-art frontend converter for server system. It
can be seen that the EMI filter takes about 1/4 to 1/3 volume of total confRadercing the noise
of power converter can reduce the size and volume of EMI filter and help improving the power

density of total converter.

Fig. 1.7 Stateof-the-art front end converter

The conducted EMlaise is always decoupled to differential mode (DM) noise and common

mode (CM) noise. Because the DM noise and CM noise have different propagation path, they need
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different attenuation methoétig. 1.8 shows the propagation path of DM conducted ndisd.
noise currentpw flows between two power line&ig. 1.9 shows the propagation path of CM

conducted noise. CM noise currégy flows between power lines and ground.

[ ) CDC ipm [ )
PFC L= } E bC
Converter T-— ouT
\ J \ J
DC/DC
Converter

S

Fig. 1.8 DM noise propagation plat

LISNs
Rttt it . ( Yce [ \
AC ! — PFC L 3¢~ DC
in 51 A L 5 Converter | | 3¢ |our
E __J_ - J—o_luFE \_ ) \_ y
: TuFx2 Vy Vo ;
i o0 s DC/DC
o =——=1" - Converter
I 2icm ’ |

//ﬁ/////////////////////////////

Fig. 1.9 CM noise propagation path

According to the EMI standard EN55022, the noise voltage on tpedsfstor is limited:

v vrnQ Q

D vmTQ Q (1-1)

vi andv2 both can represent total EMI noise. In the measurement, the amplitudesndf

are almostdenticalbecausepm andicwm are high frequency AC currerits].
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DM noise voltage and CM noise voltage can then be represented as:

v viQ ——

. ) (1-2)
V) v T —

For off-line switch mode power supplies, DM noise is dominated by PFC converter. CM noise
is a more complicated issue. It is contributed by both PFC converter and DC/DC converter. A lot
researchebave been done to reduce the CM noise of PFC conyé}tgrl]. However, he CM

noise of DC/DC converter still remains a challenge.

1.4 EMI NoiseReduction M ethods for Switch M ode Power Supplies

There are three types of CM noise reduction method, symnbelgnce and shielding.

CM noise current is formed by sevet@dton parasitic capacitance, as shownliB). The
idea of symmetry technique is forming two dv/dt sources that have same amplitude but opposite
direction. With same capacitance in the propiagapath, the two noise sources can cancel each
other and minimize CM nois®&efore the balance technique was proposed, several methods had

been provided to reduce CM noiseusing symmetry concefit2]-[19].
QN o0— (1-3)

Fig. 1.10 shows the topology of full bridge LLC converter. The two switodes on primary
side are symmetrical. When (Vhas a positie dv/dt, \b will have a negative dv/dt with same
amplitude.The two switch nodes on the secondary side are also complimentangfore, the

CM noise generated by these noise sources will be canceled by each other.
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Fig. 1.10 Full bridge converter

However, in the real circuit, it is very difficult to match the two complimentary dv/dt sources.
As shown irFig. 1.11, thedv/dt of V2 is a little slower than ¥ Thus, the two noise sources cannot

be completely cancelled. And CM noise is not minimized.

V, V,

o] \

ol A \ \

AW ' \
>l /

100 [

oL/ / ¥ /

o VAR /|

time/uSecs

Fig. 1.11 Waveforms of \f and \,

Another issue for symmetry method is that most circuit topologies are asymmetrical in nature.
In order to achieve symmetry, additional components is required to be added in the circuit, such
as diodes, power switches and windirlgg19], CM noise is cancelled by achieving symmetrical
circuit topologyfor boost convertefFig. 1.12 demonstrates the symmetrical boost topology versus
a conventional boost topolofQ]. The original boost inductor L is split into two identical coupled
inducor L1 and L. In addition, another diode D2 is introduced. Thus, anadki&it source is

introduced and it has the same amplitude and opposite polarity with node A. The parasitic capacitor
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Cd1 and G is controlled to be the same value. Hence, the CM noise current flowing threugh C
and G has the same amplitude but-@fitphase. Consequently, there is no net CM noise current

flowing to the ground and CM noise has been cancelled.

L
Yn] + (o= Rz’:/
—t— - [ L o
-5 S '|.‘:} )
(a) Conventional dost converter
C(Jl%
YYyyY\
Ll M
@ =
+
Vin

(b) Symmetrical boost converter

Fig. 1.12 Boost converter with symmetry technique

Although the experiment shows significant CM noise reduction, symmetry technique has its
own limitation. The adlitional componentswvill make the converter more complicated and
introduces extra loss and higher cost. It sacrifices too much to reduce CM noise, which is not

applicable in commercial products.

10
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In order to have good CM noise reduction without extra lealsnce technique is provided
[7]. As shown irFig. 1.13, the inductor isplit in to L1 and Lz, but there is no need to add another
diode into the converter.q@ the parasitic capacitance between MOSFET drain and grouisd. C
the parasitic capacitance between the cathode of diode D, large area of output traces, load and the

ground. Gis the parasitic capacitance between load, large area of output traces and the ground.

Cq _IA_ Ca_IA_
T

g 4
+ , *
Vin ——- S_IE} C,—4 RL?‘_’O
L,
L . i

Fig. 1.13 Balanced boost converter

According to the substitution theorem, if the MOSFET branch is substituted by a voltage
source V having the same voltage as the original branch, the circuit behavior keeps the same.

Hence, the MOSFET can be replaced by a voltage source V, as shieignlii4.

11
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L

+ 1 &°

Vin —— y @ ¢ R3IV
L,

Fig. 1.14 Replace the MOSFET with a voltage source

In the CM noise frequency range, the input and output capaeih be treated as short circuit.
In addition, the diode bridge can also be treated as short circuit since it is always conducting current.

Thus, the CM noise model of this boost converter is shovmirl.15.

A

L, \‘Ed
D

(259) § Viisn L, /\ C.+C.

C

\%

Fig. 1.15CM noise model of balanced boost PFC converter

It can be seen that this CM noise model is a Wheatstone bridge circuit. In a general Wheatstone
bridgestructure shown ifrig. 1.16, if the balance equationi-4) is satisfied, point B and point D

have identical voltage and there is no current going outside thistcircui

12
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Fig. 1.16 Wheatstone bridge structure

- = (1-4)

Thus, for the CM noise model of boost PFC convertdfign 1.15, as long as the balance
equation {-5) is satisfied, there is no CM noise current generated by denvguing through

LISN.

(1-5)

In contrast to the symmetry technique, this ratio in the balance technique do not need to be
only 1:1. Theimpedance ratio can be any value as long as the balance condition is satisfied, CM
noise can be cancelled. Hence, the balance technique offers additional freedom to the designer to
choose the impedance ratio according to the converter design. Furthdvalanee technique do
not require additional components in the circuit. This will not increase the complexity of the
converter and will not increase the cost and loss while has significant CM noise reduction, which

is preferred in the commercial products.

13
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However, the balance equation is only valid at low frequency. At high frequency, the
equivalent parallel capacitor (EPC) and equivalent parallel resistor (EPR) of the inductor dominant
the impedance of inductor branch. Therefore, at high frequency, thmebagquation may not be
achieved Fig. 1.17 [8] shows the CM noise reduction result with balance technique for boost
converter. It can be seen that at low frequency, the balance technique can reduce CM noise. But

after 2 MHz, the CM noisks not reduced.

..-....III-I-IIIE-..
a

100

QO bk L T

3 80 1108 I | . “.0’

[ - Hiloe . B,

E 700-11- ._.'__.:___

[+ ! , '

2 | | [ :

g 60-: II | LA ------J:----

3 solf Il T
WS Y ———1 Origina

L L R

30

1|:)Es Frequency (Hz) 10"

Fig. 1.17 CM noise reduction of boost converter with balance condition achieved at low

frequency[8]

In order to improve the high frequency performance of balance techtwguéductors are
coupled together, as shown Ifng. 1.18 [8]. It can be seen that with coupling, the ratio of
inductance, EPC and EPR are all turns ratio of two inductor windings. The betarttgon can

be simplified ag1-6).

14
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EPC, o1 ppc,

al+n) 1
(+r1)

(1+1YEPR 1/ n(1+ m)EPR,
n

1,1 B
—(1+=)EPR, //(1+n)EPR,
Risn R, 1sn noon
(25Q) 250)] Visn -
EPC, , 1 ppe.
(1+n) (1+l)
n
<~ v"
(a) CM noise model Hojuivalent decoupled circuit

Fig. 1.18 Balance technique with coupled induct{8k

5 g_ (1-6)

The CM noise reduction result is shownRig. 1.19 [8]. The CM noise canédreduced
significantly. However, the CM noise reduction is not good beyond 8 Mlitzbecause that the
balance equatioifl-6) has an assumption: the coupling coefficient betweerarld Lo is 1.
However, for a litz wire inductor with toroid core, it is difficult to achieve high coupling coefficient.
The coupling codicient between Land Lo are usually below 0.8. Therefore, the high frequency

performance of balance technique is not as good as expected.

S

=

0

T 700-fr RN

Q

2

(=] 1 |

e b - WL

s i} | ety ' 'Orriginal

5 JITHISE 1 Balanced
1011 &} : ""‘HEMlSpeC.

6 7

10 Frequency (Hz) 10

Fig. 1.19 CM noiseof balanced boost converter with inductor coup[i8lg
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For the isolated DC/DC converter, the main CM noise path is the transfdraker flyback
converter as anxample,it has two switches and one transformer, as showiniri.20. The two
switches can be modeled as two noise sources. The parasitic capacitance betwasraithe
winding of transformer and secondary winding of transformer are the main propagation path of

CM noise. Therefore, shielding method is very popular to reduce the CM noise in isolated

converters.
N:1 H
o *Vp-
I 3 ®
—Vin
+
_RVa

Fig. 1.20 Flyback converter and CM noise path

In a practical transformer, there is a large amount displacement current flowing between the
primary and secondary windings. This contributes large CM noise cufrbat.purpose of
shielding is to block the CM naaspropagation path through the transfornj2@] provides a
method to block the CM noise curretitrough transformerFig. 1.21 shows the proposed
transformer structure. In this figure, half core of the transformer is implemented into the circuit.
The primary winding has three layers and secondary winding has one layer. Irisiszd @ne
complete wire as the primary winding, this method breaks the primary winding into two parts. One
part is normally winded primary winding P1, P2. The other part P3lseddingwinding that is
identical with secondary winding but connected series with the primary winding. The

16
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displacement current flows between primary windings does not contribute to the CM noise current
because this current will circulating within the primary siéfeg. 1.22 shows the voltage
distribution of the shielding and secondary windings. Assuming the voltage distributes linearly
along the winding. It can be seen that for a specific point on the primary winding, it shares the
samevoltage potential as the corresponding point on the secondary winding. Consequently, there
is no voltage difference between the shielding and secondary winding and no displacement current
can flow between the shielding and secondary windings. Thus the d¥¢ ourrent flowing

through the transformer is blocked.

v ek

a [

2K hohe
e

o :':r|20=|h.
o O @

J:-:ﬁb o-=cfile : -

Fig. 1.21 Series Shielding method
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Fig. 1.22 Voltage distribution of P3 and S

However, this method requires that the shielding and secondary winding must be aligned
perfectly.Fig. 1.23shows that if there is a misalignment between shieldingecohdary winding,
the voltage distribution will change. As shownFig. 1.23 (b), there will be voltage difference
between the shielding and secondary winding arsdwill lead to CM noise current flow through
the transformer. The benefit of this technique will be diminished. Because of this, this method is

not effective in mass production.

[ ips# 0

¢ B™=C

y

LﬁB

-

C

B!'

>
"4

D
(a) Winding position when misalignment (b) Vgkadistribution of misalignment windings

Fig. 1.23 Misalignment between primary and secondary windings
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In [21], a shielding method is provided that can reduce CM nusisgy cancellation concept
Fig. 1.24 shows its transformer structure. Instead of using a shielding thatirgothe whole
winding area, it reduces the shielding width and leaves shiefded area. In neshielded area,
the voltage of primary winding is higher than secondary winding. Displacement aurflemts
from primary to secondary. In the shielded atba voltage of secondary winding is higher than
shielding, so the displacement currenflows from secondary to primarythe equivalent CM
noise model is shown fig. 1.25. The parasitic capacitor between primary winding and secondary
winding forms the capacitorAc. The parasitic capacitor between secondary winding and shielding
forms the capacitor €. In order to achieveri= iz, (1-7) should be achieved. The value ofcC

and Gp can be adjusted by changing the length of shielding.

i, B D

CEEEEEE Ty ©

NN N-N- RN

]

uSN

<+

Fig. 1.24 Partial shielding method
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Fig. 1.25 CM noise model of partial shielding

Qo 5 [00)
Q0 Qo

o) (1-7)

However,this method has two issues. The first athat the value of dV/dt and d\4/dt are
very different. The two noise sources are from two different devices, as shéug Ir26. It is
very difficult to matchdVa/dt and d\4/dt with exact ratio. In the real production, the optimal width
of shielding is obtained blyial-and-errorprocedure and requires a lot effort. The second issue is
thatthe value of Gc and Gp is very difficult to calculate and control in mass production. Hence
this method requires a precise control on the relative position of windings and shielding. However,

it is hard to guarantee this for every transformer in the real production and willgtirthe effect

on the CM noise reduction.

A s i,

Va Vo

Fig. 1.26 Waveform of Va and \b
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1.5 Proposed Dissertation Outline

As discussed in this chapter, the EMI is an important issue in switch mode power supply
design. Withthe pursuing of higher efficiency and higher power density, new method to help
reduce EMI noise is needed. With the wltBndgap devices, the switching frequency of power
converters has been increased 10 times higher. The design of power converter has been
dramadically changed. Therefore, the EMI analysis needs to be viewed in a new angle. High

switching frequency provides both challenges and opportunities in EMI research.

Chapter 2introduces the shielding technique for PCB winding transforiméth wide
bandgap (WBG) devices, the switching frequency of converters has been increased 10 times higher
than traditional Si MOSFET design. This dramatically changes the magnetic design. With the PCB
winding transformer, the converter is smaller and efficient. Hewedue to large intevinding
capacitance, the CM noise of PCB winding transformer is very largevel shielding method
for PCB winding transformer is proposed. This shielding method can not only effectively reduce
the CM noise, but also improve theneerter efficiencyFurthermore,lie PCB shielding method

can also be implemented into matrix transformer.

Chapter 3 proposes the novel PCB winding i1
industry practice, litavire inductor is widely used because of high efficiency. With the increasing
demanding of high efficiency and high power density, the litz wire inductor is not suitable. In this
chapter, two PCB winding inductor designs are proposed, one for 1 kW sewer gupply,
another for 6.6 kW otboard battery charger of electric vehicle. The challenge of PCB winding
inductor design is high AC winding loss. In this chapter, a novel winding structure is proposed to

solve this issueThe PCB winding inductor can achieve similar efficiency as litz wire inductor

21
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with smaller volume and reduced labor intensive work. Furtherntloeebalance technique is
applied to PCB winding inductor to help reduce CM nols&th PCB winding inductor,

balance technique has better high frequency performance.

Chapter 4 investigates the EMI filter design for 1 kW server power supply. Conventionally,
people have to use twsiage EMI filter to meet the EMI standard. The tstage EMI filter are
bulky and epensive With the EMI noise reduction methods proposed in previous chapter, one
stage EMI filter can be applied. This chapter analyzes thegagiiitic and mutual coupling of
onestage EMI filter. The near field measurement method is applied to vestia¢iZlux near filter
components. The methods to reduce the self parasitics and mutual coupling@igenEM I filter

is analyzed and demonstrated in 1 kW server power supply system.

Chapter 5 gives conclusions and discussion about future work.

22
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Chapter 2.  Shielding Technique for Isolated DC/DC

Converter

2.1 PCBWinding Transformer with Shielding Technique

People always want the power supply to be smaller and more effithettmakes the power
density ancefficiency are the two major driviniprces for power supply systefd2][23]. With
traditional Si MOSFETS, the switching frequency of power converter is limited teHD0With
low switching frequency, the magnetic components are usually .bulladdition, because of the
high voltsec, the magnetic components have to useyrmams of litz wire.The relationship

between core size and voltagec can be expressed as:

v D % 5 (2-1)

For conventional Si baselylback converter, the turns number of transformer is very high. As
shown inFig. 2.1, the primary winding has 39 turns, and the secondary winding has 7 turns. People
use litz wire to build this transformer. It is impossible to build such many turns with PCB winding

and maintaining high efficiency.

23
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Fig. 2.1 Conventional flyback converter transformer

However, with thedevelopment of widdbandgap power devices, including gallium nitride
(GaN) transistors and silicon carbide (SiC) transistors, the switching frequency of power converter
can be pushed toundreds of kHz, even above MHz. At such hightslwng frequency, t size
of magnetic components can be reduced a lot. Furthermore, the turns number can also be greatly
reduced. This provides an opportunity for magnetic components to use PCB winding. Comparing
with traditional litz wire magnetics, the PCB winding magretian achieve small volume, better
tolerance control, and automated production without labor intensive work. Therefore, the PCB

winding is a promising technique for high frequency converters.

The 65W flyback adapter discussed in previous section capuiewith GaN devices
switching above 1MH#24]. In this flyback converter, PCB winding transformer is applied in the
4-layer PCB motherboard. As shownhig. 2.2, the 1 MHz PCB winding transformer is 5 times

smaller than traditional litz wire transformer.
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Fig. 2.2 Size comparison between 1 MHz PCB winding transformer and 100 kHz litz wire
transformer

Fig. 2.3 shows the crossection view of PCB winding transformer. The primary winding has
10 turns and secondary winding has 2 tuihdias much less turns than the traditional low

frequency litz wire transformerhus, the transformer can be built witheder RCB motherboard.

Sec 1
Pri1-5
Pri 6-10

Sec 2

Fig. 2.3 Crosssection view of PCB winding transformer

However, the PCB winding transformer has a significant drawback, which is very large
parasitic capacitance between primary winding aewbsdary windingLarge capacitance will
lead to large CM noise currerfig. 2.4 shows the CM noise measurement result for the PCB
winding flyback converter. The na@samplitude is much higher than low frequency flyback
converter with litz wire transformer. Furthermore, the CM noise remains very large on high

frequency range. This brings a great challenge to EMI filter design.
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Fig. 2.4 CM noise measurement for PCB winding flyback converter

In order to solve this issue, a novel shielding technique is applied to PCB winding transformer
[25]. Fig. 2.5 shows the circuit topology and transformer crssstion view of flyback converter
with shielding layer. The shielding is connected to primary side. Therefore the CM noise current
generated Y primary side will circulate within primary side. If the shielding is made exactly same
and align with secondary winding, as show#ig. 2.6, there will be no CM nise current between
shielding and secondary winding. Thus, the CM noise is blocked from primary winding to
secondary winding. However, in the real implementation, there must be a jumper wire to connect
the shielding to primary winding. In a high frequenignsformer design, the jumper wire is not

acceptableTherefore the shielding layer must have a different layout design.
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(a) Flyback converter with shielding
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(b) Transformer crossection view
Fig. 2.5 Flyback onverter with shielding layer

Shieldi

Fig. 2.6 Detaled PCB layout with jumper connection

Fig. 2.7 shows that shielding has XBftation with secondary winding. Thus, it is easy to

connect the shielding with primary ground. However, after rotation, there will be voltage potential
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difference between shielding and secondary windtimg.2.8 shows 3D structure of shielding and
secondary winding. Point B, C, E and F are markdgign2.5(a), and point F on shielding layer

is connected to primary ground. In order to analyze the displacement current flowing between
shielding layer and secondary winding, the voltage distribution needs to be described. Shielding
layer can be treatess a ondgurn winding. There will be voltage induced on the shielding layer
according to F-¥coardirate Systenmlissbuilt to ahalyzeXhe voltage distribution

of shielding layer and secondary winding. Zero point is set between point FoartdEpon
shielding. The X axis is built along the winding and representing the position of certain point on
the winding. The Y axis indicates the voltage potential of certain gomt2.9 shows the voltage
distribution of shielding layer and secondary winding. One assumption is made that the voltage is
linearly distributed along the winding. For shielding, from point E to point F the voltage decreases
from V to 0. For secondary winding, because the zero point is set in the middle of secondary
winding, at zero point, the voltage on shielding is V/2. First, the voltage on shielding decreases
linearly from V/2 to 0. Then, at point B, the voltage is V and decrease2tdt\¢an be seen that

on one half, the voltage of secondary winding is higher than shielding. The displacement current
flows from secondary winding to shielding. On the other half, the voltage of shielding is higher
than secondary winding. The displacemeuarrent flows from shielding to secondary winding.
Those two currents have same amplitude and opposite direction. Thus, there is no net CM noise
current flowing out of the transformer. In summary, the function of shielding is: (1) it blocks the
displacenent current from primary side; (2) the displacement current between shielding and

secondary winding will not generate CM noise current.
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Fig. 2.7 Shieldng has a 180rotation with secondary winding

B C

0

Pri. Ground

E

Fig. 2.8 3-D structure of shielding and secondary winding

Vi2

Fig. 2.9 Voltagedistribution of shielding and secondary winding

Furthermore, the shielding can be integrated into primary winding, so that the shielding serves

as the first two turns of primary winding, as showrFig. 2.10. Thetransformer crossection
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view is shown inFig. 2.11. With the integration, the transformer can achieve 13% winding loss

reduction as well as shielding effect.

£
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141

Fig. 2.10 Shielding serving as part of primary winding
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Fig. 2.11 Transformer crossection view with shielding

Fig.2.12shows the CM noise measurement result for the PCB winding flyback converter with
shielding. It can be seen that shielding can achieve 27dB noise reduction. Furthermore, shielding
remains vergffective on high frequency up to 30 MHz. Since high frequency noise attenuation is
the most difficult part on designing EMI filter. This shielding metlvad greatly benefit EMI

filter design.
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Fig. 2.12 CM noise reduction for flyback converter with shielding

2.2 Matrix Transformer with Shielding Technique

Pulsewidth modulation (PWM) converters is widely used in frend DC/DC converters.
However, because of the hard switching performance, the switchingsldasgge in PWM
converters. This limits the efficiency of PWM converters and impedes the converter going to high
switching frequency. Hence, it is hard for PWM converter to achieve high power density and high
efficiency. Soft switching technique can make PVWebhverter achieve zero voltage switching
(2VS). So the switching loss of PWM converter can be reduced and it has the ability to go to high
switching frequency to improve power density. However, another disadvantage of PWM converter
still limits its perfomance. For the computing electronic systems, such as desktop, laptop, server
and teleconmapplications, certain holdp time is required to assure data security. Normal PWM
converters require bulky hold up capacitors to guarantee thaipdlthe Thus thgpower density

of PWM converters are still limited.
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LLC resonant converter, is becoming more and more popular because of the high efficiency
and high power densitf24]-[32]. LLC resonant converter can achieve ZVS for primary side
switches from zero to full load range. Meanwhile, the secondary side synchronous rectifier (SR)
can achieve zero current switching @C Because of this, the switching loss of LLC resonant
converter can be minimized and high efficiency can be achieved. In addition, low switching loss
provides the LLC resonant converter the ability to achieve high switching frequency. This can
continue educe the size of passive components and improve power density. Furthermore, it is easy
to integrate magnetic components into the transformer to further reduce size and cost of LLC
resonant converter. In addition, the voltage gain characteristic of LioGaesconverter makes it
have good holdip capability to reduce the volume of halg capacitor. In summary, LLC

resonant converter is becoming dominant in off line power supply systems.

The server applications require low output voltage and high outprentuFor example, a 1
kW, 12V output server power supply will have more than 80 A output currén&Rs should be
paralleled to reduce the secondary conduction loss. The circuit is shdwig. 13 (a). This
design will have several issues. First, it is difficult to achieve both static and transient current
sharing between the paralleled SRs. Sectimete will be large AC current flow through the
terminations oftransformer and SRs (red dots kig. 2.13(a)), which will generate large
termination loss. Thirdpecause of the low switching frequency, the transformer has tiitaise
wires and copper foil to build primary and secondary winding. In this way, the transformer is bulky
and expensive. The manufacture procedure is labor intensive and the quality control ksgpoor.

2.13 (b) shows the prototype of the conventional LLC converter.
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(@) Circuit schematic (b) Hardware prototype
Fig. 2.13 Conventional LLC converter

The matrix transformer is defined as an array of elemiet¢stwined so that the whole
functions as a single transforn{88][34]. Eachelement being a single transformer that contains
a set turns ratio, i.e. 1:1, 2:1 ....n:1. The desired turns ratio is obtained by connecting the primary
windingsd t he el ements in series and the secondar
only a single turn secondary will be considered. The benefits of the matrix transformer are that it
can split current between secondary windings connected ingdaratluce leakage inductance by
lowering the N value of the secondary loop inductance, and improve thermal performance by
distributing the power loss throughout the elemdB&. In addition,the matrix transformer
structure also can effectively reduce the magnetomotive force (MMF) of the windings, especially
for the PCB winding. That also means a reduction in leakage inductance and wigling
resistancg36]. This makes the matrix transformer a very attractive structure for high current, high

switching frequency applications.

Fig. 2.14 shows a design of 400V/12V, 1kW LLC resonant converter with matrix transformer
[36]. The switchingrequency of this converter is 1MHz. It uses GaN devices as primary switches

to reduce switching related |08¥][38]. By utilizing flux cancellation metho®9], this converter
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uses two Ul cores for four sets of transfornselCompanng with normal design, this can reduce

the core loss and core size by more than B8 For each small cell of transformer, the primary
winding has four turns areecondary winding has two of@n centettap structure. The primary
windings are in series and secondary windings are in parallel. Hence, the total turns ratio is 16:1.
As shown inFig. 2.15, by using matrix transformer structure, fdayer PCB can achieve 16:1

turns ratio. Primary windings are at the two middle layers and secondary windings are at top and
bottom layersThus, secondary SR devices and output capaotian be directed mounted on top

of the secondary winding, as showrFig. 2.16. By doing this, there is no extra termination loss.

The primary and secondary windings are exactly overlapped.

This LLC resonant converter can achieve more than 95% efficiency and 73@avier

density, which is comparable with the stafethe-art indwstry product.
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Fig. 2.14 LLC resonant with matrix transformer
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Fig. 2.15 Matrix transformer structure

Fig. 2.16 Mount secondary devices and output capacitors on top of secondary winding

Matrix transformer brings a lot of benefits. However, there is always a price to pay. In the
matrix transformer, the winding area is large, which can introduce largenimeing capaitance.
Furthermore, because of the interleaving structure, the-wibeling capacitance is further
increased. This large intg&rinding capacitance between primary and secondary windings will
bring large CM noise current. As shownFig. 2.17, the measured CM noise of LLC converter is
way above the EMI standard. Large CM noise filter is needed to achieve the required EMI noise

level. The high power density may lbéninished by huge CM noise filter.
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Fig. 2.17 CM noise measurement result for LLC resonant converter with matrix transformer

Theshielding method is provided for matrix transformer to reduce CM fijeFig. 2.18
shows the circuit structure after adding shielding layers betwgeany and secondary windings.
Fig. 2.19 shows the cross section view of transformer with shielding layers. Shielding layer is
added between each primasgcondary de Thus, the transformer need six layers of PCB after
adding shielding. It can be seen frétig. 2.18 that all shieldings are connected to the primary
ground. Thusthe noise current coming from primary side will be blocked by shielding and

confined in the primary side. This noise current will not cause CM noise.
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Fig. 2.19 Transformer structure with shielding

However shielding, treated as a enen winding, becomes another voltage pulse source.
Therefore the shielding need to be carefully designed otherwise there will beiG& current
between shielding and secondary winding. One shieligg winding is used as an example to
illustrate the shielding design. As showrtig. 2.20, Secondary winding is on top of the shielding,
and node A, B Fig.A18,Shidding is retated 480 dedree with secondary winding
to have an easy connixt to primary groundAssuming voltage is distributed linearly along the

winding, Fig. 2.21 Voltage distribution of shielding and secondary windgipws the voltage
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distribution of shielding and sec. winding. The coordinate is build: set zero on point A and the x
axis is along the winding:-gxis is the voltage of each point on the winding. For secondary winding,
node A is thedv/dtpoint and node B is connected to the ground. Hence from A to B, the voltage

di stributes from V to 0. For shielding, node
axis is at the middle point of shielding. Hence the voltage of shielding stsibdites from V/2 to

O, then jump to V (node A06) and decrease to \
secondary winding is higher than shielding. There is displacement current go from secondary
winding to shielding. On the other half, theltage of shielding is higher than secondary winding.

There is displacement current go from shielding to secondary winding. These two current are at
the same magnitude but has opposite direction. Therefore, displacement current is circulating
within shieding and secondary winding. Therefore, the shielding is designed to not only block the

primary noise source, but also block the noise from secondary side.

Shield

Fig. 2.20 3D structure of secondary winding and sthiied
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Fig. 2.21 Voltage distribution of shielding and secondary winding

The experiment result is shown kig. 2.22. For an easy observation, the peak points are
connected as the envelope. It can be seen that the proposed shielding technique can have a 23dB

reduction at 1LMHz. Further, the shielding is still effective at very high frequency range.
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Fig. 2.22 CM noise measurement result for matrix transformer with shielding
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The efficiency comparison is shownhig. 2.23. It can be seen th&ess than 0.5% efficiency
difference between shielding version and original design. In summary, the shielding technique has

good CM noise reduction result while little sacrifice of efficiency.
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Fig. 2.23 Efficiency comparison between shielding version and original version

2.3 Conclusiors

In this chapterthe shielding methods proposed to reduce CM noise for isolated converters.
With GaN and SiGlevices, the switching frequency of power converters has been increased 10
times higher. This provides the opportunity to use the PCB winding transformer. The PCB winding
transformer is high efficient, high power density and good manufacturability. Hovitbe€ M
noise of PCB winding transformer is very high due to large wteding capacitance. In this
chapter, a novel shielding method is proposed to reduce the CM noise of PCB winding
transformers. The implementation of this shielding method is sifipke shielding method can

effectively reduce the CM noise of a 65 W flyback converter by 27 dB. Furthermore, the shielding
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remains effective up to 30 MHz. In addition, the shielding can be integrated with primary winding

to further reduce the winding los$ the transformer.

The PCB shielding method can also be applied to matrix transformer structure. A 1 kW LLC
converter with matrix transformer is set as an example. With this shielding method, the CM noise
can be reduced by 23 dB. The shielding has 1@dB) dB attenuation at very high frequency.
This can greatly help the EMI filter design since the high frequency noise is the most difficult to

attenuated by EMI filter.
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Chapter 3. Balance Technique for Coupled Inductors

Integrated into PCB

In previous chapter, the magnetic integration and EMI noise attenuation for DC/DC converter
is discussed. For the power over 75W, the PFC converter is required in the power supply to ensure
good power factorin commercial products, thewitching frequency othe PFC converter is
usually lower tharilOOkHz. Fig. 3.1 shows a typical 1 kW A@C converter. With low switching
frequency, the converter 1gery bulky. Over 40% of the components are manually assembled
especially the inductors and transformek&anufacturing this converter is labor intensive.
Furthermore, the tolerance control of these components is pobeFC converter consumes
approximagly one third otthe power supply. Increasing the switching frequency can reduce the
volume ofthe PFC converter. Furthermore, increasing the switching frequency can greatly rais
the corner frequency olie EMI filter and reduce the filter size. Thus, the power density of power

supply can be increassdynificantly.

Fig. 3.1 A typical AC-DC converter
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With wide-bandgap devices, the switching frequency can kshpd to hundreds of kHz, even
above MHz. Furthermore, with higher switching frequency, the turns number of inductor can be
reduced. This provides an opportunity to use PCB winding to build the inductors for high
frequency PFC convertethis chapter focuseon PCB winding inductor integration and EMI
noise attenuation for PFC convertersio applications of PFC converter will logscussed. The
first one is 1kWPFC converter for server power supply, the second one is 6.6kW PFC converter

for on-board battergharger.

3.1 PCB Winding NegativeCoupled I nductor with BalanceTechnique[41]

3.1.1 1.2kW GaNBasedTotem-pole BridgelessPFC aboveMHz

Comparing with the boost PFeonverter, the bridgeless PFC converter has clear advantages.
It eliminates the diode rectifier bridge and reduces the conduction loss of the semiconductors.
Among the topologies of bridgeless PFC converter, thelsh@dt bridgeless PFC conver(eig.
3.2(a))is the most popular topology in industry products. However, the tptdenPFC converter
(Fig. 3.2(b)) is simpler and requires less semiconductor devices tharbdaat PFC converter.
With the limitation of Si MOSFET, the totepole PFC converter is only used in low frequency,
low power applications. When operating in conégsaurrent mode (CCM), the twon loss is
very large due to the reverse recovery of the antiparallel body diode of Si MOSFET. The critical
mode (CRM) operation can eliminate the tomloss but the turoff loss of Si MOSFET is very

large. For many yearthe Si MOSFET limits the use of totgmle PFC convertdd2].
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Fig. 3.2 Bridgeless PFC converter topologies

With the recent development of witbandgap (WBG) power devices, the design of power
converters can be dramatically changed. The revexs®/ery chage of gallium-nitride (GaN)
devices is greatly reduced. Thus, the tofmmte PFC converter can operate at CCM with high
efficiency. It isdemonstrated ij43], the CCM totempole PFC can achieve 99% efficiency.
However, in order to achieve such high efficiency, the switching frequency is limited at 50 to 100

kHz. The power density of GaN based PFC converter is similar as Si based design.

In order to get more systelevel benefits, the switching frequency needs to push higher. One

characteristic of GaN devices is that the taffhloss is extremely smalRs shown inFig. 3.3, the

Eorr of GaN devices is significantly smaller thash.H his makes the CRM a suitable operatior

high switching frequencyFrig. 3.4 shows the waveform of CRM operation. During thetoffe,

after the inductor current touches zero, the inductor is resonating with device junction capacitor.
Therefore, the voltage of devices3/will resonate to zero. The device turns on afteg keaches

zero and zerwoltage switching (ZVS) is achieveth the CRM operation, the twon loss is
eliminated44]-[47]. Although the turroff current is very high, the smalbfwill guarantee small

switching loss.
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Fig. 3.3 Measured switching loss distribution of different Gé@&Vvice samples

Fig. 3.4 Critical mode operation

However, the CRM totermpole PFC converter has its owmitations. The first one is large
current ripple. In CRM PFC converter, the current ripple is two times of the average current. Such
high current ripple will lead to high DM noise and require very large DM filtee method to

solve this issue is to use tvphase iterleaved structure, as showrFig. 3.5. The waveforms are
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shown inFig. 3.6. It can be seen that the phase currarand > have very large ripple. But the

ripple of input currentid is much smaller.

fLq L1

Fig. 3.6 Waveforms of twephase interleaved totepole PFC converter

Fig. 3.7 shows the DM noise measurement result. The blueecis the DM noise of CRM
PFC without interleaving. The green curve is the DM noise of CRM PFC withphase
interleaving. It can be seen that the DM noise can be greatly reduced wiph&se interleaving.
For the onestage DM filter with 40db/dec &uation ability, the filter corner frequency can be

increased from 80 kHz to 600 kHz. This can greatly reduce the DM filter size.
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Fig. 3.7 DM noise measurement result

In [48], a230 Vac to 400 Vdtwo-phase interleaved 1.2 kW totgmole PFC converter with
1 MHz switching frequency is demonstrated, as showfign3.8. The power density is around
220W/ir’. The DGIink capacitors are not included here becaus®dink capacitors design is
determined by the holdp time requirements. The value of ik capacitors are relatedth the

design of DGDC converters.

Top View

3.3 inch
GaN

Front View
6 Inch

Inductor Heat Sink

Fig. 3.8 Prototype of twephase interleaved 1.2 kW totgmle PFC converter
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Comparing with the Si MOSFET based PFC converter, the power density ob&ssd
totempole PFC converter is 5 times higher. However, the MHz CRM PFC converter still has
several issues. Onglarge variatiorin switching frequency. The operation principletiod CRM
PFC converter ithat when the inductor current touches zero, the switch turn&mahthe inductor
current begin to riséAfter a fixed ontime, the switch turns off, the inductor current begins to fall.

Hence, the peak current thieinductor follows the equation below.
W
Q=Y (3-1)

As long as ¥n is fixed, the peak current of the inductor follows.VTheoretically, the
waveform of the inductor current is a series of triangle waveforms tiwvéhmaximum value
degribed in(3-1) and minimun value as zero. Because the input voltage is AC, with fixed on

time, the switching frequency will change with different input voltage value.

fs/MHz

0 TlineM' Tline‘r2
Fig. 3.9 Switching frequency variation of CRM PFC converter

Fig. 3.9 shows the switching frequency variation during a-lia# cycle. It can be seen that
with a minimum switching frequency of MIHz, the converter can have a switching frequency

above 2MHz. This high switching frequency will cause greater loss.
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Anotherissue is that the CRM PFC converter cannot achieve zero voltage switching (ZVS) alll
the time. When the inductor current drops to zero, the inductor will oscillate with the junction
capacitors. The pedk-peak oscillation amplitude of the device voltage ise2(d). Hence, when
the input voltage is larger than 0.§¥he switch can only achievalley switching instead of ZV,S
as shown irFig. 3.10. This will bring a great deal of extra switching loss for converters with a

high switching frequency.

(a) Vin < 05V0 (b) Vin > 05Vo
Fig. 3.10 Non-ZVS at high input voltage

3.1.2 NegativeCoupled I nductor in MHz CRM PFC Converter

The concept of the coupled inductor has been widely applied in-phalie VRMs to reduce
loss and improve transient performarfd®]. In [50], a coupled inductor is evaluated in an
interleaved CRM boost PFC converter[34], the impact of using a coupled inductor during the
resonant period is analyzed. These analyses shows that the coupled inductor is a promising

technique for higHrequency CRM PFC converters.

Fig. 3.11 shows the interleaved totepole PFC converter with a coupled inductor. Inductors

L: and L are inversely coupledrig. 3.12 shows the inductor structure demonstration. The two
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inductors L and L are winded on an El shaped magnetic coias lon the left leg andzis on
the right leg. The red arrows indicdteat the teminals of input current. The blue arrows indicate
the terminals of output current. The black dash lines are the direction of mutual fluaraf Lo.
The green dash lines are the direction of leakage flux @hd L. It can be seen that the flux
generged by L1 and Lo are on opposite direction. Hence, dnd L. are negatively coupledrig.
3.13 shows the typical waveforms for different duty cycleg49), the derivations of equivalent

inductances bqy, Leqzand Legzare provided. The expressions @fil-Leqzand Legzare listed below.

ﬂl;l,.\ S%EII} szal Sw2 _E_i} ] +

w® L oy sz,_lgll} o)

Fig. 3.11 Interleaved totenpole PFC converter with coupled inductor
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Fig. 3.12 Negative coupled inductor structure demonstration
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When the input voltage is high and the duty cycle is smaller than &5ddtermines the
phase current ripplédence, lqican be considered as steadgte inductance when duty cycle is
smaller than 0.5. When the input voltage is low and the duty cycle is larger thanef.5, L
determines the phase current ripple. Theg ik the steadystate inductance when thety cycle
is larger than 0.5. Therefore, for a CRM PFC converter with a coupled inductor, the stdady
inductance changes with the input voltage during alimafcycle, as shown iRig. 3.14. The blue
line represents the naroupled case. The inductance is a constant value duringjriealfycle.
The red, green, purple and light blue lines represent the coupled inductor wiithgoopfficient
as-0.5,-0.6,-0.7 and-0.8 respectively. When duty cycle is smaller than 0s&5 Leqi. When duty
cycle is larger than 0.5,s¢= Legz If the same steadstate inductance is kept for the rooupled
inductor and coupled inductor aind4, the coupled inductor has larger steathte inductance
when the duty cycle approaches 0.5. Because of this, thimeralso needs to change during the
half-line cycle in order to achieve unity power factorthe CRM operation, if the inductanise
larger, the switching frequency is lower. If the inductance is smaller, the switching frequency is

higher.Thus, the switching frequency with a coupled inductor during thdiheltycle is different
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from the norcoupled caserig. 3.15 shows the switching frequency during a Hadé cycle with
different coupling coefficientsThe blue line represents the rooupled case. The red, green,
purple and light blue lies represent the coupled inductor with coupling coefficier.&s-0.6, -
0.7 and-0.8 respectively Because the same steastgite inductance is kept for the rooupled
inductor and coupled inductor ai.d/4 instant, theswitching frequencyf noncouled inductor
and coupled inductor are the sat®Hz. It can be seen théte couplednductor CRM PFC
converter has a much lower switching frequency than thecaopled case, except for the zero
crossing area. Thus, the coupled inductor can reduceehage switching frequency of the CRM
PFC converter, and this can improve the converter efficieftug. is the first benefit of coupled

inductor in CRM PFC converter.

3107 Non-coupled
LeqS Leq1 Leq3 a=-0.5
I 21077
7))
4 a=-0.7
1=10~° =-0.8
— - = —
0 Tine/4 Tine/2
Fig. 3.14 Steadystate inductanceariance during halfine cycle
3
Non-coupled
N =-0.5
T
=
&
a=-0.7
a=-0.8

0 Tlinem' Tline"r2

Fig. 3.15 Switching frequencyariance of coupled inductduring half-line cycle
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As analyzed in[51], the equivalent inductance during the resonant periodeds The
expression of bgais shown in (33). With thesame steady state inductance ascmupled inductor
(3-4), Leqa can be expressed &%5). With negative couplingtican be seen thatdsis always
smaller than the necoupled inductor. Hence the resonant period with a coupled inductor is shorter
than the norcoupled case. Al®rter resonant period means a larger portion of energy transferring

time. Thus, the conduction loss is smaller.

5
)
. . O ©
vv o (3-4)
b o
(@)
. . o . 35
0 b p g 0 (3-5)

In [51], the coupled inductor is proven to have the ability to help achieve ZVS when the duty
cycle is smaller than 0.8\s shown inFig. 3.16 (a), the resonant amplitudattout coupling is
2(Vo-Vin). Therefore, when input voltage is higher than one half of output voltagecavinot
resonant to zero. With coupled inductor, the resonant amplitude §8/2(¥1-U), which is higher
than 2(\&-Vin). Therefore, ¥s has the ability to resonant to zero, as showhign 3.16 (b). This
is a great benefit for the CRM PFC converts. shown inFig. 3.17 (a), the converter cannot
achieve ZVS when input voltage is higher than 200V. The red zone is #®/8®range. However,
the coupled inductor, the nédVS range is greatly reduced, as showrrig. 3.17 (b). This can

help reduce thaon-ZVS loss by 50%.
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Fig. 3.16 Coupling can help achieve ZVS
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Fig. 3.17 Coupling can help extend ZVS range

A coupled inductor can also reduce circulating energy when the duty cycle is larger than 0.5

[51]. This characterization of cpled inductors can help improve the performance of the CRM
PFC converter. When the input voltage is low, the converter will have extra circulating energy.

The coupled inductor can reduce circulating energy during this time period. Thus the coupled

inductorcan reduce conduction loss for the CRM PFC converter.
3.1.3 PCBWinding Inductor Design

In the conventional AEDC converter, the switching frequency is around 100 kHz, the
inductor is very bulky and manually assembled. This bulky and sloppy magnetio dasigpt

meet the demand of increasing efficiency and power demsiti. 1 MHz switching frequency,
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the inductor size can be greatly reduced, as showigi.18. The volume and weight of inductor
are reduced 80%. Conventional magnetic materials are not suitable for such high switching
frequency. In this high frequency inductor, P61 material is used. The core loss is stégn in
3.19. It can be seen that the P61 has much lower core loss than 3F45 at 1 MHz and 2 MHz. With

the new material, the inductor can be designed smaller and more efficient.

100kHz Inductor 1MHz Inductor

23mm

8.5mm

Fig. 3.18 Size comparison between 100 kHz inductor and 1 MHz inductor

10000
_ 2MHz ~ TMHz
™ »
£ 1000 = -
> 100
0. 2MHz 1MHz

10
10 Bm (mT) 100

_______ 3F45 from Ferroxcube
— P61 from ACME

Fig. 3.19 Core loss density of 3F45 and P61
55



Yuchen Yang Chapter 3

Table3-1 shows the loss breakdown for two rooupled inductors. The nesoupled inductor

uses two ER23 cores. The winding is 250/46 litz wire with 10 turns for each inductor.

Table3-1 Loss beakdown for nofcoupled inductor

Winding Loss (W) Core Loss (W) Total Loss/W

2.3 2.3 4.6

Although this inductor is small and high efficient, it still need to be manually assembled and
the tolerance control is poor. In order to achieve autormaggdifacture and good quality control,
PCB winding magnetic is a better choice. People have been using PCB winding to build
transbrmers for many yeais886][52]. However, PCB winding inductor for CRM PFC is still a
challenge. There is no PCB winding inductor can achieve same efficiency as conventional litz

wire inductor.

The nontcoupled inductor desigaboveprovides a baseline of inductor size and loss. The
design of a coupled inductor is shown below. Based on the previous analysis, in order to reduce
the average switching frequency, strong coupling is preferred. In thés pap -0 is shosen.
However, the typical El core structure cannot achieve such high coupling coefficient. Therefore
the first attempt is made with a Ul core (Structure I). PCB winding has been used in many
applications because it is easy to manufaauaceeasy to control the parasitiegy. 3.20 Coupled
inductor in Ul coreshows the structure of a coupled inductor with PCB winding in a Ul cere. L
is wound on théeft leg with a fivelayer PCB; each layer has two turns.id. wound on the right
leg with 10 turns PCB windinglable 3-2 shows the simulated loss breakdown os tboupled

inductor in the Ul core structure. It can be seen that this coupled inductor has much higher winding
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loss than the nenoupled inductor. Therefore the total loss of this coupled inductor is much higher
than the norcoupled inductor. This is becsaifor CRM operation, the AC current ripple is
dominant. High AC current ripple will lead largeAC windingloss in the PCB windindgecause

of this, PCB winding inductor is not adopted in this application.

L, L,

Fig. 3.20 Coupled inductor in Ul core

Table3-2 Loss breakdown for coupled inductor Structure |

Winding Loss (W) Core Loss (W) Total Loss/W

6.7 1.3 8.0

In order to reduce the winding loss, a new structure of coupled inductor is developed
(Structure 11). As shown ifrig. 3.21, the core structure is an El core. In abahit the interleaving
concept is applied to this structure. Now there are eight turnsasfd_two turns of .on the left
leg, and eight turns ofzland two turns of Lon the right legTable3-3 shows the simulated loss
breakdown of this new inductor structure. With this interleaving effect, the AC winding loss has
been greatly reduced. However, the total loss of this coupled imdsitill higher than the nen

coupled inductor. FEA simulation is conducted to study the lossFan®.22 shows the FEA
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simulation result of the left leg. It carelseen that there is strong fringing flux near the air gap,

which will cause large loss on the winding.

s
14

\

AN

\

-
N

Fig. 3.21 Coupled inductor with interleaved winding

Table3-3 Loss breakdown for coupled inductor Structdre |

Winding Loss (W)

Core Loss (W)

Total Loss/W

3.1

1.9

5.0

Fig. 3.22 Simulation of flux distribution with large fringing flux

According to[53], the winding can be cut to avoid fringing fluxig. 3.23 shows the ew

winding structure to further reduce the winding loss (Structure Ill). In this structure, there is a total

of six layers of PCB winding. The bottom two layers have only one turn. The winding on the fourth
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layer has been cut to avoid the fringing fltable3-4 shows the simulated loss breakdown of the

inductor in Structure Ill. With the new structure, the AC winding loss has been further reduced.

Fig. 3.24 Simulation result of avoiding fringing flushows the FEA simulation result of the left

leg. It can be seen that the winding has avoid the fringing flux. The total loss dfupled

inductor Structure Il is smaller than the rooupled inductor. The result shows that for coupled

inductor, a good PCB winding structure can achieve similar loss as litz wire. With the PCB winding,

a great amount of labor can be removed in manufact

i
all
1
r

\I_

Al

Fig. 3.23 Cougded inductor structure IlI

N

Table3-4 Loss breakdown for coupled inductor Structdre |

Winding Loss (W)

Core Loss (W)

Total Loss/W

2.4

1.9

4.3

Fig. 3.24 Simulation result of avoiding fringing flux
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3.1.4 BalanceT echnique for Coupled I nductor

One drawback of this PFC converter is hi@ noise. As shown iffrig. 3.25, the CM noise
of this GaN based PFC converter is much higher than conventional Si based PFC cdrhsrter.

high CM noise will impact the EMI filter design and increase the total system golum

| GaN PFC
Si PFC

100

CM Noise (dBuV)

M (s

5 6 7 8
1x10 1x10 1x10 1x10

Frequency (Hz)

Fig. 3.25 CM noise comparison between GaN based PFC and Si based PFC

In [54], a balancing technique is introddder the interleaved boost PFC converter to reduce
CM noise. The balancing technique can also be applied to the interleavedptiéeFC
converter with a coupled inductor. As showrFig. 3.26, an extra inductor is added to achieve
balance. The CM noise model is shownFig. 3.27. The dv/dts of the active devices are the
dominant CM noise sources. Hence they are modeled as two voltage sowicasd Whz. G, is
the parasitic capacitance between the output trace emohdy and € is the drairto-ground
capacitance. According to the superposition theory, the two independent noise sources can be
studied separatelfzig. 3.28 shows he CM noise model of sourceyV Here, W2 is a short circuit.

The balance condition for this circuitsiown in(3-6). In order to get the balance equation, the
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ratio of Z1/Z, needs to be calculated first. From the circuit we can get the eq(@&pnThen the
ratio of Z1/Z> can be derived g8-8). Thus the balance equation can be derivg@-8%. It can be
derived that the balance condition for noise sourgei¥ also(3-9). It is apparent that for the

coupled inductor, the mutual inductance does not impact the balance condition.

w 0 0 (3-6)
) 0
. gQ. Q0 Q. (3-7)
@ U ————0L
Uy Qo0 Qo0
) Q.. QQ Q.
N Q c‘>U Q0 v
94 . NQ Q.
VIR Qo °
& ore b 0 (39)
O wlIQ 0
b5 9
m 3
S S S
L1 12_I§ 23' Nz_Iﬁ}
oo +
e c T "3V
V L s s EII} s -
IN 11_|§ 21_| N1_|
Ly
Yy

Fig. 3.26 Balanang technique for interleaved totepole PFC converter with coupled inductor
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Fig. 3.28 CM noise model of one noise source

In [54], it is determined that in order to achieve better balance at higlefreigs, the balance
inductor L, should be coupled with the original inductor. Hence, for the coupled inductor, two
inductors Iz and Ls are applied to achieve better balance, and they are coupledy\aiti L. Fig.

3.29 shows the circuit topology arflg. 3.30 shows thenagnetic structure. The CM noise model
is shown inFig. 3.31. Using the superposition theomhe model of noise sourcewVis shown in
Fig. 3.32. The balance condition for this circuitshown in(3-10). Still, the ratio of Z/Z> needs
to be calculated first. It is assumed thaghd Ls are perfectly coupled, and Bnd Ls are perfectly
coupled. The number of turns of &nd L is Ni. The number of turns ofsland L is No. Thus,
we have the equations shown#11). Then the ratio 0Z1/Z> can be derived g8-12). Thus, the
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balance condition for source; V6 (3-13). Similarly, the balance condition for noise sourge &

also(3-13). The CM noise of this PFC converter can be minimized as long as this balance condition

is achieved.
9 0 0 (3-10)
&) o}
v (b_ R (3-11)
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Fig. 3.29 Circuit structure of improved balance technique
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Fig. 3.31 CM noise model of improved balance technique
Z1 AT Cq
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=
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|

Fig. 3.32 Effect of only noise sourceny

In the previous analysisthere are two inductors in the coupled industoucture, and dqs,

Leqz Legzand Leqsaare derived based on that structure. The circuit performance can then be analyzed
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by using these four equivalent inductances. However, with the balance technique, there are four
inductors coupled together. tmder to analyze the performance of this circuit, we need to derive
new values for bqy, Leg2 Legzand Leqga In order to derive these new values, the inductance matrix
need to be derived firskig. 3.33 shows the magnetic circuit. From the magnetic circuit, the
inductance matrix can be derived(8sl4). The circuit inFig. 3.29 can be transformed in fig.

3.34. Then the equations foreyi and Veq2 can ke derived a$3-15). From(3-14) and(3-15) we

can get(3-16). Then the simplified equivalent inductance Leq and Meq can be expr&s48s

The fourinductor circuit inFig. 3.29 can be simplified as the twiaductor circuit structure ifig.

3.35. The seHinductance is equal toed, and the mutual inductance is equal teyNHence, the

new expressions Ofeks, Leqa, Leqgzand Legacan be expressed usinggand My

| 0 | 0 0
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Fig. 3.34 Equivalent circuit of coupled inductor with balance
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Fig. 3.35 Simplified equivalent circuit of coupled inductor with balance

In order to verify this theory, a simulation model is built wheggand M of the balanced

circuit are equal to L and M of the ndmalanced circuit. Frorkig. 3.36, it can be seen that the

balanced circuit and nelmalanced circuit have identical current waveforms.
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Fig. 3.36 Current waveforms verification

In the previousanalysis the inductor is integrated into PCB motherboard. The balance
technique can be easily implement into the PCB winding indulEtgr3.37 shows the inductor
structure By replacing the bottom layer ofiland L2 with Lz and L, the balance technique can be
integratedlt can be seen thatland Ls have only one turn. Thereforee turns ratio of NN2 is
9:1. Based on equation-@3), the capacitor value needs to be changeathieve the balance
condition.Fig. 3.38 shows that an external gacitor Gaais applied in parallel with £ And the

new balance equation is shown iR1@).

— — (3-18)

Fig. 3.37 Crosssection view of coupled inductor with balance technique
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Fig. 3.38 Add capacitor to maintain balance condition.
3.1.5Hardware Demonstration

The detailed winding arrangeméat the proposed PCB winding inductor is illustrate&im.
3.39. The windings are on the two outer legs of metge core. For inductorilon the left leg, the
current goes into the first layer, then goes to second layer through the vias. The third layer of L
should be on the right leg. On the fifth layer, the current goes back to the left leg. Then the current
goes out from the forth layer. For inducterdn the rght leg, the current goes into the forth layer,
then goes to fifth layer through viahen the current goes to the third layer on the left leg. After
two turns on the left leg, the current goes back to the second layer on the right leg and goes out
thoudh the first layerThe bottom layer is the balance inducterabd Ls. The terminals of ¢and

L4 are left open. This is for the easy of configuration of balance antalance case.
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(b) Layer 2

(a) Layerl

(d) Layer 4

(c) Layer 3

() Layer 6

(e) Layer 5

Fig. 3.39 Winding arrangement for proposed PCB winding inductor
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In Fig. 3.40, the comparison between conventiodeicretelitz-wire inductor and proposed
PCB winding integrated inductor is demonstrated. In order teeeetsimilar EMI performance,
four discrete litzwire inductors are needed. Two large inductarand L» are the main inductors
for phase 1 and phase 2. Two small inductgrahd Ly are balance inductors for CM noise
reduction. This is a very complicated structure and implementation is labor intensive. Worse still,
the parasitic control is poor, so the EMI noise reduction is not guaranteed. On the contrary, the
proposedP”CB winding nductor is able to integrate four inductors into one compohi¢ith. the
winding printed on the circuit board, the inductance and parasitics are well controlled. Therefore
the circuit performance and EMI noise reduction is more consistent. Furthermopeoplosed
integrated inductor can achieve fully automated manufacturer. The elimination of labor intensive

work can further reduce the cost.

(a) Discrete litzwire inductor (b) Integrated PCBwding inductor

Fig. 3.40 Comparison between discrete inductor and integrated inductor

Fig. 3.41 showsthe hardware photof the 1.2kW CRM PFC converter with PCB winding
inductor. The power density of this converte7@W/in® (without output capacito)sFig. 3.42

shows the measured efficiendyhe peak efficiency is above 99%. It is as good as thedtdie-
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art low frequency Si based PFC converter. However, the power density of this high frequency PFC

converter is 10 times higher than the traditional low fregyelesign.

Fig. 3.41 Hardware photo of 1.2kW O® PFC with PCB winding inductor
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Fig. 3.42 Measured efficiency of 1.2kW PFC converter

Fig. 3.43 shows the CM noise measurement result. It can be seen that with the balance
technique, the CM noise has a 20dB reduction. This proves the effectiveness of the balance
techniqgue With PCB winding inductor, the parasitic can be easily controlled and therefore the

balarce technique has better high frequency performance than litz wire inductor.
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With the PCB winding inductor, the CRM PFC converter can achieve high efficiency and high
powerdensity. Furthermore, this inductor design greatly simplifies the manufacturing process by

eliminating the labor intensive procedure.

Without Balance
- With Balance
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g

20dB f

=33
=
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Fig. 3.43 CM noise measurement result

3.2 PCB Winding Positive Coupled I nductor with BalanceTechnique[55]

3.2.1 6.6kW SiCBased PFCConverter for On-board Battery Charger

With the increasing demand of energy efficiency and low catitru emissions, thlug-in
electric vehicles (PEVSre becoming more and more populdrere are two types of PEVdug-
in hybrid electric vehicles (PHEVs) and battery electric vehicles (BEMsthe PEVs, the on
board battery charger (OBC) is an imfamt component. Because the charging time is of the
essence, the OBCs need to be high efficient. Furthermore, the limited space and weight in vehicle
design requires the OBCs to be light weight and compraciommercial products, thei based

OBCs are waking at low switching frequency (<100 kHz), and have low power density (3
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12wW/ir’) and low efficiency (904%)[56][57]. In addition, thecustomers show more and more
interested orpidirectional power flowof PEVs. So the PEVs can provide power tagepower
grid, or power small electrical equipment in tredivork. However, conventional Si based OBCs

cannot achieve this function without sacrifice of efficiency and power density.

With wide-bandgap (WBGdevices, the power density and efficiency of switch mode power
supplies can be dramatically increased.hWMiPO0V SiC MOSFET and 600V GaN devices, the
target of this 6.6 kW OBC is to increase the switching frequency to be higher than 300 kHz. The
power density should be doubled or tripled. The efficiency is higher than 95%. In addition, the
OBC should achieviidirectional power flow. Besides the high efficiency and high power density,
the proposed design should also be able to achieve good manufacturfaigili844 shows that

stateof-the-art industry products and the design target of proposed OBC.

Efficiency 1
96% £=
CPES
WBG Device
>300kHz
ouok >25W/in3
R % Efficienc
BRUSA S [SlillSIEE)
Qkﬁﬁ!‘,—.w Bi-directional
‘L»"“L'\‘%F:LLI Rl r—
Wy <
92% 48 s
] Si Device
<100kHz
3~12W/in3
92~94% Efficiency
Uni-directional -
90% Power Dens:lty
oW/in3 5Wi/in3 10W/in3 15W/in3 20W/in3 25W/in3

Fig. 3.44 Target of high efficiency high density bidirectional OBC
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Different from the server power supply discussed in the previous section, the OBC has a very
wide output rangerig. 3.45shows the lithiurrion battery charging pro&l The OBC should have
the ability to provide the desired voltage and current to the baftbeybattery voltage range is

250 V to 450 V. This very wide output voltage range is a challenge in the design of OBC.

I (A V.. (V
bat( ) cC CcP cV bat( )
25 440
_\ =
20 400
15 / 360
10 \ 320
5 - 280
o - T T T 240
0 1h 2h 3h 4h

Fig. 3.45 Battery charging profile

Conventionally, the OBC is consist of PFC converter and LLEOMCconverter. With fixed
DC-link voltage, the LLC converter should be able to regulate the wide range of output voltage.
However, the optiral operating point of a LLC resonant converter is the switching frequency equal
to the resonant frequency. At this point, the LLC converter has highest efficiency. With wide
output voltage range, the switching frequency of LLC converter is dramaticalbte¥rom the
resonant frequency to achieve the required wide range voltage gain. In this case, the efficiency of

LLC converter drops dramatically.

In order to build an oioard charger with higher efficiency and higher power density, a new
6.6kW systenstructure is proposed, as shownFig. 3.46. In this proposed structure, the first
stage is a twqhase interleaved totepole PFC converter with 1200V SiC devic&be second

stage is a CLLC resonant converter. The-lDk voltage is designed to have a wide range from

74



Yuchen Yang Chapter 3

500V to 840V, maintaining a 2:1 ratio to the battery voltageus, the resonant converter can
always working around the most efficient poids shownin Fig. 3.47, the battery voltage is from

250 V to 450 V, the Ddink voltage is from 500 V to 840 V. Therefore, from 250 V to 420 V
battery voltage, the gain of CLLENnverter is 1, which means that the CLLC converter can run at
optimum operation point. The gain range of CLLC converteris only 1 to 1.07. The CLLC converter

can achieve high efficiency all the tintdowever, the burden was shifted to PFC side

Vbc-Link
500V~840V 250~450V

5P [t

ol 7| PP | :
[

Fig. 3.46 Circuit structure for 6.6kW cboard battery charger

Link Voltage Battery Gain for CLLC

14
450V___ 4 oo
840V 420V

(420V)

Gain (nVo/Vin)
o -
© A

500V 250V 1 0.4
250V) 05 06 07 08 09 1 19 12 13 194
e fsifo

Fig. 3.47 Gain range of proposed CLLC converter
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For this PFC converter, the totgmle topology is stilla good choiceThe switching
frequency of this PFC converter is above 300 kHz. However, high switching frequency can
introduce great amount of switching loss. In order to overcome the higbridass of SiC device,

critical conduction mode (OR) is a préerred control methad

450k

400k

350k
// \ % = 600V

300k
Vo = 700V

250k // Vo = 800V

0 Tline/4 T”ne/Z

Frequency (Hz)

Fig. 3.48 Switching frequency variation during half line cycle

However, the CRM totermole PFC converter has its own limitations. The first one is large
variation of switching frequemc Fig. 3.48 shows the switching frequency variation during half
line cycle. As mentioned previously, the output voltage of PFC converter has a wide range from
500V to 840V. The full power operation rangeabove 600V. In this figurehe blue, red and
green solid line represent the switching frequency when output voltage equal to 600V, 700V and

800V respectively. The switching frequency range is 300 kHz to 400 kHz.

The second issue is that the CRM PF@wvaster has large current ripple. Although tploase
interleaved structure is applied to reduce input current ripple, the CRM PFC converter still has
larger input current ripple compared with continues conduction mode PFC converter. Therefore,

the DM noiseof CRM PFC converter is larger.
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In order to solve these issues, the coupled inductor concept is applied to this PFC converter.
Furthermore, the inductor will be integrated into PCB winding to achieve high power density and

automated manufacture.

3.2.2 Negative Coupled I nductor for 6.6kW PFC

Negative coupled inductor is introduced in the Section 3.1. It is proved to achieve high power
density, high efficiency, and automated manufacture. Therefore, the concept of negative coupled
inductor is applied to thi§.6kW PFC converteFig. 3.49 shows the interleaved totepole PFC
converter with coupled inductor. Inductor &nd L. are negative coupledhe waveforms and

equivdent inductance of negative coupled inductor are introduced in Section 3.1.

600-840Vdc
240vac - d et e

AL T
VO A

Fig. 3.49 Negatve coupled inductor for 6.6kW PFC

When input voltage is high, the dutycle is smaller than 0.5,e4: determines the phase
current ripple. Hence,eyican be considered as steady state inductance whenytgyis smaller
than 0.5. When input voltage is low, the dagicle is larger than 0.5,cks determines the phase
current ripple. Hence, &3 is the seady state inductance when datcle is larger than 0.5.
Therefore, for CRM PFC converter with coupled inductor, the steady state inductance is changing

with input voltage during a half line cycle, as showFim 3.50. Thedashline represents the nen
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coupled case, which is constant 10uH. The blue, red and green lines represent the steady state
inductance with negative coupled inductor for 600V, 700V and 800V outfttagerespectively.

It can be seen that with negative coupling, the steady state inductance will be smaller than the non
couplednductanceln CRM operation, smaller inductance will lead to higher switching frequency,

larger inductance will lead to lev switching frequency

14u

12
T 10:: 600V Non-coupled
@
R =<

6u |-

800V
4u

Fig. 3.50 Stealy state inductance for 6.6kW PFC with negative coupled inductor

Thus, the switching frequency variation with coupled inductor during half line cycle is
different from he noncoupled casd-ig. 3.51 shows the switching frequency during half line cycle
with different output voltage. Thaashlines represent the switching frequency for +oonipled
inductor under different output voltagehdsolid lines represent the switching frequency for
negative coupled inductor. It can be seen siwdatching frequency of negative coupling is much
higher than the nenoupled case. Therefore, the switching loss would increase a lot and negative

couplinghas no benefit.

78



Yuchen Yang Chapter 3

600k

N 500k h :5 %
T
S 400k o \ / 4
O " _ ) ey,
-] ,‘: :f N x;-/ - \Q:\
S sook I Seeeoo-”"/ 600V Y
- i T r0ov Y
200k # soov Y
0 Tine/4 Tind2

Fig. 3.51 Switching frequency for 6.6kW PFC with negative coupled inductor

The negative coupled inductor can help reduce switching frequency in the previous 1.2kW
PFC converter. However, itis 6.6kW PFC converter, the negative coupled inductor actually
increases the switching frequency ranfas is because the two applications have different input
and output voltage. The different input and output voltage will lead to different operatiypn d
cycle.ltis known from previous analysis ththe steady state inductance is impacted by duty cycle.
For the 1.2kW PFC converter, the input voltage is 230Vac, the output voltage is 400Vdc. During
half line cycle, half of the time the duty cycle isdar than 0.5, the other half of the tidety
cycle is smaller than B, as shown irfrig. 3.52. For the 6.6kW PFC converter, the input voltage
is 240/ac, the output voltage is from 600Vdc to 800Vdc. When output voltage is 600V, most of
the time duty cycle is larger than 0.5. When output voltage is 700V or 800V, the duty cycle is
always larger than 0,5as shown irFig. 3.53. Because of this different duty cycle range, the
negative coupled inductor has opposite impact on switching frequency for the two PFC converters.

And this proves that the negative coupleduictdr is not suitable in this 6.6kW PFC converter.
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Fig. 3.52 Duty cycle range for 1 kW server power suppl
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Fig. 3.53 Duty cycle range for 6.6 kW OBC
3.2.3 Positve Coupled Inductor for 6.6kW PFC

Then the positive coupling will be evaluatédg. 3.54 shows the positive coupled inductor
for PFC convertelf-ig. 3.55shows the inductor structure demonstration. The two induct@asd.
L. are winded on an El shaped magnetic coges lon the left leg andiis on the righleg. The
red arrows indicate that the terminals of input current. The blue arrows indicate the terminals of

output current. The black dash lines are the direction of mutual fluxafd. L.. The green dash
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lines are the direction of leakage flux afdnd L. It can be seen that the flux generated barid

L. are same direction. Hence,and Lo are positively coupledig. 3.56 shows the typical inductor
waveform @ positive couplinglt has three equivalent inductance. The expression of these three
equivalent inductance ishown in(3-19). L represents the selfiductance of L and L. M
represents the mutual inductance oahd L.. When input voltage is high, the dutycle is smaller

than 0.5, kg1 determines the phase current ripple. Heneg, dan be considered as steady state
inductance when dutgycle is smaller than 0.5Vhen input voltage is low, the dutycle is larger

than 0.5, kgzdetermines the phase current ripple. Henegs it the steady state inductance when

duty-cycle is larger than 0.5.

) 0 0O . . 0 0 (3-19)
0 - ’O.‘h 0 0 Oh 0 O
0] ﬁU U 6U
Positive 600- 840Vdc
Cuupleds < <
L 12 22 M2
240Vac o i LR THN
B [__ubﬂ —_
@ 2 511_|E|}521_|E|} Sm_lEl}

Fig. 3.54 Postive coupled inductor for 6.6kW PFC
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Fig. 3.56 Typical waveforms of positive coupled inductor

Fig. 3.57 shows the steady state inductance variation during a half line cycle for the positive
coupled inductor. Thdashline represents the nexoupled inductance, which is constant 10uH.
The blue, red and green lines represent the steady state inductance iwité paspled inductor
for 600V, 700V and 800V output voltage respectively. It can be seen that with the positive coupled
inductor, the steady state inductance is higher thancaopled inductorFig. 3.58 shows the
switching frequency for positive coupled inductor. Téiash lines represent the switching
frequency of norcoupled inductor. Theolid lines represent the switching frequency of positive
coupled inductorWith the higher steady state inductance, the positive coupled inductor has lower

switching frequency than the naoupled inductor. Furthermore, with 700V and 800V output
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voltage, the switching frequency is almost constant. Therefore the positive couplireduce

the switching frequency range and thus reduce switching loss by 14%.
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Fig. 3.57 Stealy state inductance for 6.6kW PFC with positive coupled inductor
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Fig. 3.58 Switching frequency for 6.6kW PFC with positive coupled inductor
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3.2.4 PCBWinding | nductor Design

For conventional CRM PFC converter with high current, litz wire inductor is very popular. In
CRM operation, the AC current rigpls very large. Litz wire can help reduce the skin effect and
proximity effect losses in conductofdg. 3.59 shows the litz wire inductors for this 6.6 kW two
phaseanterleaved totenpole PFC converteilhe inductor is built with P@2/30 core with 3F36

material and25/44litz wire. The loss breakdown for the litz wire inductor is showmhable3-5.

Fig. 3.59 Litz wire inductos for OBC

Table3-5 Loss breakdown for litz wire inductor

Winding Loss (W) Core Loss (W) Total Loss/W

Litz wire winding
12 13 25
inductor

However, the litz wire inductor is bulky requires labor intensive work to assemble. Therefore
the tolerance of the inductance is very large and the parasitic control is diffitery difficult
to build a coupled inductor with desired inductance value with litz Warse still, it is difficult
to achieve good CM noise reduction with balance technique using litz wire indactoder to

overcome these drawbacks, the PGBding inductor is a preferred solution.
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However, the conventional PCB winding inductor will suffer a lot from the skin effect and
proximity effect losses in this high AC current ripple application. As showrign3.60, two
inductors L1 and L. are on the same EI shaped magnetic core. Therefore, the two inductors are
coupled together. Each inductor has six turns in six layer PCB boaigioh the left leg of the
magnetic core, Lis on the right legThe loss breakdown for this conventional PCB winding
inductor is shown iMable3-6. It can be seerhat the winding loss is more than 10 times higher
than litz wire inductor. This is because the PCB winding is a piece of solid copper. For this high
frequency, high AC current ripple application, the AC winding loss is very large. Therefore, this

design isnot applicable in this application.

illl=
lilll=
N

Fig. 3.60 Conventional PCB winding inductor

Table3-6 Loss breakdown for conventional PCB winding inductor

Winding Loss (W) Core Loss (W) Total Loss/W

Conventional PCB
180 17 197
winding inductor

In order to reduce the high AC winding loss, the new PCB winding structure is proposed in

Fig. 3.61. Instead of putting all theiland Lo leg on two separate legsne layer of kL and L.
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swapped position. There is one turn ebh the left leg, and one turn of bn the right leg. With

this wingding interleaving method, the magnetic field can be reduced and the skin effect and
proximity effect losses can be greatly reduc&dble 3-7 shows the loss bakdown of this
proposed PCB winding structure. It can be seen that the winding loss has been greatly reduced.

The total loss of this PCB winding inductor now is comparable with the litz wire inductor.

L — — 4L
Lz:::::: —_— —_— — Y
L= ht

Fig. 3.61 Proposed PCB winding inductor with interleave

Table3-7 Loss breakdown for proposed PCB winding inductor with interleave

Winding Loss (W) Core Loss (W) Total Loss/W

Proposed PCB
24 21 45
winding inductor

3.2.5 Improved PCBWinding Inductor Design

Fig. 3.62 shows the prototype of the 6.6kW-board battery charger. The upper half is PFC
converter, and the lower iaé DC/DC converter. The power density of total system is 37AV/in
It can be seen that both PFC inductor and DC/DC transformer are integrated into PCB motherboard.
Thus, all the magnetic components in this converter are built by PCB winding. Thus,\tBgeon

can achieve fully automated manufacture.
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260mm(10.6in)

PFC (>300kHz)

Height:
40mm (1.6in)
w/ cold plate

Fig. 3.62 Prototype of 6.6kW oiboard battery charger

The efficiency of PFC converter is measured, as shoWwigir8.63. The blue curve is for litz

wire inductorversion. The green dash line is the estimated converter with PCB winding inductor.

However, the measured efficiency with PCB winding inductor is shown in red line. It is much

lower than the estimation.

98.4%

PFC Efficiency

0,
P.o% 98.4%

e —————
- -
-

97.7%

97.2%

Litz wire inductor
Estimated PCB inductor
Measured PCB inductor

60% 70% 80% 90% 100%
Power

Fig. 3.63 Measured PFC converter efficiency

87



Yuchen Yang Chapter 3

In order to find out the reason for extra loss, detailed waveforms are shéwn3r64. From
the waeform it can be seen that there are spikes and ringing in the inductor current waveform.
This is because of the equivalent parallel capacitor (EPC) of the inductor. In the PCB winding
inductor, the windings have large overlapping area. Thus the EPC ofMi@ihg inductor is
much larger than traditional litz wire inductor. During the switching transition, the dv/dt on the
switch node will introduce displacement current through the EPC of inductor. Large EPC will lead
to large current spike. The ringing cemt will go through the inductor and SiC devices to generate

loss, as shown iRig. 3.65.

L1 (20a/div)

Vbs1 (300vidiv)

L2 (20/div)

(10ms/div)

IL1 (20a/div)

Vbs1 (300vidiv)

.2 (20/div)

(500ns/div)

Fig. 3.64 Experimental wavierms of 6.6kW PFC converter
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Fig. 3.65 Path of current spikes and ringing

In order to reduce the loss generated by EPC, the inddesagnneeds to benproved.Fig.

366shows the inductor design parameters, windi

design, the ringing loss generated by EPC was not considered. In this design the EPC loss will be

taken into account.

Fig. 3.66 Inductor optimization parameters

The inductor loss breakdown for different combination of parameter a and b is shiéign in

3.67. The contour of total inductor loss and footprint is showhign 3.68. From this figure, the
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optimized design point can h#osed.Table 3-8 shows the loss breakdown for the optimized

inductor design. It can reduce the total inductor loss by 10W.

Table3-8 Loss breakdown for optimized inductor design

Ringing Loss
Winding Loss (W)| Core Loss (W) Total Loss/W
(W)
Optimized
29 27 3 59
Design

Original Design 24 21 36 71
140 —
120 —
100 —
Loss (W) * 7
60
40 -
20
0>

a (mm) 2 20

Fig. 3.67 Inductor loss breakdown for inductor design
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Fig. 3.68 Contour of total loss and footprint

*1 FP=5500mm?

FP=5000mm?
FP=4500mm?

FP=4000mm?
FP=3800mm?
FP=3600mm?Z
FP=3400mm?

Fig. 3.69 Prototype Gen. 2 of 6.6kW dwoard battery charger
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V, =240V, V.=600V, P,=6.6kW  PF>0.99
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Fig. 3.70 Experimental waveforms of Gen. 2 6.6kW PFC converter

The Gen. 2 hardware is shownhig. 3.69. The experimental waveforms are showririg.
3.70. It can be seen that the current spike and ringagbeen greatly reduced. The efficiency is
shown inFig. 3.71. With the new PCB winding inductor design, the efficiency of PCB converter

is improved. The peak effeency is above 98%, which is much higher than the industry products.
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Fig. 3.71 Improved efficiency of Gen. 2 hardware

3.2.6 Balance Technique to Reduce CM Noise

Similar as previous analysis, balance technprebe applied to this PFC converter to reduce
CM noise as shown iffrig. 3.72. Fig. 3.73shows the CM noise model of positive coupled inductor
with balance. The two switch bridges are modeled as two noise soGkcesthe parasitic
capacitance between output trace and grouads @e drairto-ground capacitance. In order to
achieve balance,sland Ls are applied to the circuiAn external capacitor &qis applied to the

circuit to obtain more freedom in design the balance circuit.
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Fig. 3.74 Effect of noise source &/

Superposition theory can be applied to this circuit. As showRign 3.74, only Vsi is

considered in the circuit, &/ is treated as short circuithe balance conddn for this circuit is
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shown in(3-20). Still, the ratio ofZ1/Z> needs to be calculated first. It is assumed thatnd Ls
are perfectly coupled, and Bnd Ls areperfectly coupled. The number of turns afdnd L is Nu.
The number of turns ofsland L is N2. Thus, we have the equations showi{3#21). Then the
ratio of Z1/Z> can be derived ag3-22). Thus, the balance condition for source i¥ (3-23).
Similarly, the balance condition for noise sourae 6 also(3-23). The CM noise of this PFC

converter can be minimized as long as this balance conditiohievad.

é 0 o0 0o (3-20)
@ 0
v d)_ R (3-21)
p '(b (')"
W 0]
T
' @ W
v Q 10
Y (3-22)
O wfQ 0
b6 b (3-23)
0 0

The positive coupled inductor can also be integrated intowA@@ng. The inductor structure
is shown inFig. 3.75. Based on the experience of previous design, the interleaved winding
structure is used to help reduce winding loss. In this inductor deslgpel6PCB board is used

and the last layer sezs as the balance inductor.
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Fig. 3.75PCB winding positive coupled inductor with balance

Fig. 3.76 shows the CM noise reduction by using balance technique. It can be seen that there

is 23dB CM noise reduction with balance. This can greatly help the EMI filter design.

Without Balance

CM Noise (dBuV)

50

With Balance

1x10° 1x10° 1x10' 1x10°

Frequency (Hz)

Fig. 3.76 CM noise reduction by balance technique

3.3 Conclusions

In this chapterthe proposed PCB winding inductor is demonstrated for both 1 kW server

power supply and 6.6 kW dooard battery chargdfor the 1 kW server power suppthe negative
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coupled inductor is applied. The negative coupled inductor can help reduce the switching
frequency to reduce switching loss. In addition, the coupled inductor can help achieve ZVS to
reduce turron loss. In order to integrate the indudgtdo PCB winding, a novel inductor structure

is proposed. The inductor winding is interleaved to reduce the high AC winding loss at high
switching frequency. In order to avoid the fringing flux, the last three layers of the winding is
specially designed.he balance technique is also applied to reduce CM noise. With PCB winding,
the balancdaechnique is easy to implement and the parasitic is easy to control. The balance
technique can help reduce the CM noise by 20 dB. The inductor is integratedayear@other

board. The PFC converter can achieve 99% efficiency with 700° Wiimer densityThis is the

first time that the PCB winding inductor can achieve same efficiency as litz wire inductor at high

switching frequency and high AC current ripple.

For the 6.6 kW OBC, the difference between negative coupled inductor and positive coupled
inductor is analyzed. The positive coupled inductor is applied to reduce switching frequency.
Furthermore, the coupled inductor can help further reduce input currenttapptiuce DM noise
of the PFC converteilhe PCB winding inductor is also implemented. Due to the large inductor
size, the EPC of the inductor is very large and introduces extra loss. By redesigning this inductor,
the EPC is greatly reduced and efficierafythe converter is improved. Balance technique is
applied to this PFC converter and can reduce 23 dB CM ndiseever, it can be seen that in this
6.6 kW system, the PCB winding inductor does not have good efficiency as litz wire inductor. This
is becage of large current and limitedl&yer board. In order to further improve the inductor

efficiency, more PCB layers can be applied to reduce the winding loss of PCB winding inductor.
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Chapter 4. EMI Filter DesignConsiderations

Int odayés power electronics area, the switch
frequency noises. In order to prevent those noises interfere other components, the electromagnetic

interference (EMI) filter are widely used in power converters.

A% L L1 L
e AL U v i e O

— ' — e e
——— -

Fig. 4.1 Stateof-the-art server power supply

Fig. 4.1 shows a typical server power supply. It has three major pagt&ENH filter, the PFC
converter and DE@C converter. It can be seen that the EMI filter occupies about 1/4 to 1/3 total
volume and has many components. Traditionally, due to the low switching frequency and high
EMI noise, twestage EMI filter is used to t@nuate EMI noise, as shownhing. 4.2 It requires
three xcapacitors, four ycapacitors and two inductors. Sometimes more inductors are used for
better attenuatiorit is easily noticed that the twstage EMI filter is bulky and more expensive.

In a traditional power supply, the EMI filter occupies 1/3 of the total volume. Thstage EMI

filter limits the power density of the power supply.
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Fig. 4.2 Two-stage EMI filter structure

I n todayds power electronics products, peopl
density and low cost. With the development of GaN devices, the switching frequency of power
converers can be pushed 10 times higher. Therefore, the power density of power converters can
be increased 5 to 10 times higher than traditional Si based d24i§#6][48]. As demonstrated
in Chapter 3, a high efficiency, high density 1 kW PFC coeves demonstrated. The peak
efficiency is above 99% and the power densi860W/ir?. In Chapter 2, a 1 kW DOC converter
is demonstrated with 97% efficiency and 700Wfiower density. Those two converters can form
a high efficiency, high density serygower supply. Therefore, the traditional tatage EMI filter
is not suitable in this high density power converter design. A simpler, compastageeEMI

filter is needed.

However, extra efforts are needed in order to use the one stage EMI fillehi¢veathe
required attenuatiorfig. 4.3 (a) shows the measurement DM noise of this 1 kW server power
supply. It can be seen that with tpbase interleaved structyrthe fundamental frequency
harmonic is canceled. The first peak is at 2 MHz. This can help increase the filter corner frequency
and reduce filter sizé=ig. 4.3 (b) shows the CM noise measurement result. It can be seen that the
CM noise is very high. In order to reduce CM noise, several CM noise reduction technique is

introduced in previous chapters. In Chapter 2, the shielding technique is applied to reduce the CM
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noise of DGDC converter. As shown iRig. 4.3 (c), with shielding technique, the CM noise of
DC-DC converter has been greatly reduced. However, the remaining CM noise is stilhhigh.
Chapter 3, interleaving and balance technique is used to reduce the EMI noise of PFC converter.
As shown inFig. 4.3 (d), with balance technique, the CM noise can be greatly redlicese EMI

noise reduction techniques makes the idea ofstage EMI filter become possible.
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(b) CM noise measement result
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(d) CM noise with shielding and balance technique

Fig. 4.3 EMI noise measurement result for 1 kW servax@osupply

Theoretically, the EMI filter is a lowpass filter. The self parasitics and mutual coupling will
impact the filter performance. Many researches has been done to reduce the self parasitics and
mutual couplind58]-[73]. In[67], the method of reducing mutual coupling between inductor and
capacitor is analyzed. Sedérasiticsof capacitor is analyzed [88]. In [69], the mutuatoupling
between two capacitors are analyzed. However, those methods is seldom used irstagdwo

EMI filter. Because those parasitics and mubaaaupling will not severely impact the performance
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of two-stage EMI filter. However, in the orstage EMI filter, the parasitics and mutual coupling

will dominating the high frequency performance.

In this chapter the self parasitics and mutual couplimigonestage EMI filter is analyzed.
The methods of reduction of self parasitics and mutual coupling is demonstrated. A compact and

effective single stage EMI filter design is provided.

4.1 Single Stage EMI Filter

Fig. 4.4 shows the topology of orstage EMI filter. It has two-xapacitors, two scapacitors
and one CM inductor. The leakage inductance of CM inductor will serve as differential mode (DM)
inductor. Comparing ith the twastage EMI filter design, the orstage EMI filter is more
compact and simpléhe designed parameter of this single stage EMI filtergg:4+.40 uH, G =

680 nF, lem = 1.5 mH, G = 3.6 nF.

500
CCM p—

—Com -ooooo Cow o h Noise
500 q I‘Hm‘ Com ==
Loy as leakage of Ly, T/

Fig. 4.4 Onestage EMI filter structure

The measured EMI noise with the singkage EMI filter is shown ifig. 4.5. It can be seen
that the CM noise can pass the standatdow frequency, the DM noise can pass the standard.
However, the DM noise exceeds the standard at high frequency. This means that the preliminary

design of DM filter needs to be improved.
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(a) DM noise with single stage EMI filter
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Fig. 4.5 EMI noise measurement results

In the onestage EMI filter, the leakage inductance of CM inductor serves as the DM inductor.
The equivalent circuit for DM and CM filters are shown Fig. 4.6 and Fig. 4.7. Two CM
capacitors are in series for DM noise, so the capacitance is only one half of the single capacitor.
Two DM inductors are in parallel for CM noise, so the equivalent inductance isalhlgf one
DM inductance. DM capacitors work like balance capacitors for CM noise. CM inductor is like a
short circuit for DM noise because the magnetic fluxes generated by the DM currentaupled
windings are cancelle@ecause the CM noise cansgahe standardhis chapter focuses on the

DM filter.
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Fig. 4.6 Equivalent circuit for DM filter
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Fig. 4.7 Equivalent circuit for CM filter

4.2 Parasitic of DM Filter

Fig. 4.8 shows the insertion voltage gain for the ideal biltér. Ideally, the onestage DM
filter serves as a loywass filter. After the corner frequency, theeattation i60dB/dec However,
the real DMfilter will not work like the ideal cas@here are selparasitics and mutual parasitics

to impact the filter performance.
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100k 1™ 10M
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Fig. 4.8 Insertion voltage gain for ideal DM filter

Fig. 4.9 shows the DMil ter with self parasitics. For the inductor, there are equivalent parallel
capacitance (EPC) and@valent parallel resistance (EPR). For the capacitor, there are equivalent
series inductance (ESL) and equivalent series resistance (ESR). With those self parasitics, the filter

performance on high frequency will be changed.

EPC
I
1
EPR
NNV
I-’Dl-'l
ESL, ESL,
ESR, ESR,
CZ C]

Fig. 4.9 DM filter with self parasitics
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Besides the self parasitics, the filter will also be impacted by mutual pardagies10shows
the meaured insertion voltage gain for the DM filter. It can be seen that the filter has much less
attenuation on the high frequenéyg. 4.11 shows the DM filter with self and mutual parasitics.
M1 and M are mutual coupling between inductor and capacitersibhe mutual coupling between
two capacitors. With such bad high frequency performance, the filter cannot achieve the required

attenuain. Therefore, the reduction of self parasitics and mutual couplings is critical in the one

stage EMI filter design.

0
Measurement
--""-"-F‘_
-40 ]
-80
-120 Ideal
100k ™ 10M

Frequency (Hz)

Fig. 4.10 Insertion voltage gain for actual DM filter
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Fig. 4.11 DM filter with self and mutual parasitics
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ESR,
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4.3 Near-field Analysis for Mutual Parasitic Cancellation

C2 m2
-y

Fig. 4.12 Mutual coupling between inductor and capacitor

Among all the mutual couplingdiscussed in the previous section, the most important
coupling is M and M, which are the mutual coupling between inductor and capacitor. As shown
in Fig. 4.12. Fora compact EMI filter design, the inductor and capacitor are placed close to each
other. This makes the near field coupling between inductor and capacitor very sti{®3g. time
near field measurement method is used to analyze the DM inductor. The measurement setup is
shown in Fig. 11. Th&ektronix AFG3102signal generator provides the sine wave signal with
certain frequency. The signal is then go into the inductor trdue25W power amplifier. The
near field probe is placed 5 mm above the inductor and the inductor is placed on a XY table. With
the moving of XY table, the flux on the surface will be measured in X, Y and Z directions. 10 by
10 points is measured in thégrface to visualize the near field flux of the induciidre scope is

used to monitor the flux amplitude measured by the near field probe.
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Y direction

Sensing probe
fluxt t+ (Z direction)

Fig. 4.13 Nearfield flux measurement setup

In this work, same measement method is used to measure the DM flux of a CM inductor.

For the DM inductor, the windings are evenly distributed on the magnetic core, as sHégn in

4.14 (a). However, for the CM inductor, the windings are divided into two groups, as shown in

Fig.4.14 (b). This makes the CM inductor has different DM near field flukhwhe DM inductor.

(a8) DM inductor structure (b) CM inductor structure

Fig. 4.14 DM inductor structure and CM inductor structure
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The measurement result is shown below. First the excitation frequency is 1 MHz, which is a
low frequency for this EMI filter inductoFig. 4.15(a), (b) and (c) shosvthe measurement results

in X, Y and Z directions. The X and Y direction measurement result can be combines as XY plane

(/X% +y?), as shown irFig. 4.15 (d). Because the winding is divided into two groups, the field

shows two poles. The flux is going from one pole to another pole. The Y direction shows the
maximum value at the center area. This matches out expect&ign4.16 shows the

demonstration of flux flow direction.

X Direction Y Direction

() (b)

(€) (d)

Fig. 4.15 Nearfield flux measured witiMHz excitation
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