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(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 typicadficbobnverter,
the EMI filter usually acupies 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.

For off-line switch mode power supplies, DM noise is dominateBFC converter. CM noise
is a more complicated issue. It is contributed by both PFC converter and DC/DC converter. While
many researches have focused on reducing CM noise for PFC converter, the CM noise of DC/DC
converter still remains a challengehe man objective of this thesis is provide a solution to have
best CM noise reduction for DC/DC convertéFbe shielding concept and balance concept are
combined to propose a novel balance double shielding techriitpge.method can have an
effective CM noisaeduction in the circuit level. In addition it is easy to design and implement in
the real production. The balance condition is easily controlled and guarantees effective CM noise

reduction in mass production. Then, a novek@ayer shielding method fd?CB 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 increase the loss of
converter too much. Furthermore, this shielding tegimican be applied to matrix transformer
structure. For matrix transformer LLC converter, the ierding capacitor is very large and will

cause severe CM noise problem. By adding shielding layer, CM noise has been greatly reduced.
In addition, by modifing the secondary winding, the loss on shielding layer is minimized and

experiments show that the total efficiency of converter has almost no impact.

Furthermore, although this thesis uses flyback and LLC resonant converter as example to
demonstrate the ogept, the novel shielding technique can also be applied to other topologies that

have similar transformer structure.
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Chapter 1. Introduction

1.1 Introduction to EMI and EMC

In a world full of electronic device# 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. The definition of EMC according to International
Eled r ot echni cal C o nhmialslisyiob an equipnteft )or systeem fo Tunction
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 applmasi must work properly to assure safétyaddition,
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 deviceare more susceptible to electromagnetic 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 td@sah other.

El ectromagnet i ¢ i ndegeadatiom of theperdormarse oflam equipment, a s
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;



(3) Inductive interference;
(4) Capacitive intedrence.

The conducted interference 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 propagateth&amise 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 linboth the conducted and 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.

m— Quasi Peal
m— Average

70
| \
| \

40

Noise Level (dBuV)

340

1310 11 1210 1d

Frequency (Hz)

Fig. 1.1 EMI standard EN55022 Class B for conducted noise



1.2 EMI measurement

Becaug 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 Equipment UndesfT&EUT).



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 3 terminator is connected to the other LISN.

LISN
ACin ! 50uH + AC out

To50m terminator or
O spectrum analyzer

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

Grounded Shield

Fig. 1.3 Internal circuit of a LISN

Spectrum
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



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].

Detecting average or qugseak noise is very timeonsumingTo reduce the testing time, the

peak detector may be usddg. 1.5 shows the decision tree used to determine a final pass/fail

judgment4].

PK detector

- e
——<._ PK<AVGImit?
e

Yes
.

-

-

No

Yes No

——<  PK<QPImit? |
e
QP detector

Yes . No

l

Yes - No
e QP < AVG limit? ]

Yes

Pass

- .
_ AVG < AVG limit ?
- -~

< QP<QPImit? >——
— -

AVG detector

No

Fail

IEG 127397

PK Peak
QP Quasi-peak
AVG Average

Fig. 1.5 Decision tree for peak detector measurements



1.3 Conducted EMI noise in switch mode power supplies

Switch mode power 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 heavé different structures for
different applicationskig. 1.6 shows the structure of laptop adap®@ecause the power is below
75W, it do not need a power factorroection (PFC) circuitThe diode bridge rectifies the AC
input voltage to DC voltage. The isolated IDC converter converts the DC voltage to 20V DC
bus voltage. Then the voltage regulator (VR) module converts the bus voltage to different load

voltage andassures the required transient performance.

, |solated I,_ bC
DC/DC ‘ Output

Fig. 1.6 Structure of low power laptop adapter

AC Line ™ EMI

Pt

For the power supply for server and telecom system, the structure is a little difféggeh{r
shows the structure of froeind converter for server and telecom system. First, the PFC converter
rectifies the AC input voltage to 380V DC voltage. Second, theD@Cconverter convis the

380V DC voltage to a 48V/12V DC bus voltage. Then the voltageatgunodule will take over.



AC Line

(a4

DC
Output

Fig. 1.7 Frontend converter for server and telecom

Switch mode power supplies 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 continueproving to help make

switch mode power supplies smaller, lighter and more efficient.

However,high dv/dtand di/dt in switch mode power supplies will cause severe EMI noise
issue.Hence, EMI filter is always needed in switch mode power supply to atersesere
conducted EMI noisdrig. 1.8 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 velintotal converteiReducing the noise
of power converter can reduce the size and volume of EMI filter and help improving the power

density of total converter.

Fig. 1.8 Stateof-the-art front end converter



The conducted EMI noise 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
different attenuation methoétig. 1.9 shows the propagation path of DM conducted ndisd.
noise currentpm flows between two power linegig. 1.10 shows the propagation path of CM

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

LISNs
. suH oy Coc iou
AC — 9 o— T—» DADC
in —— S0k T | S -~ Converter
i J_ ou L ;
S S S S S S SSSSSSSSSSSSSSSSS
Fig. 1.9 DM noise propagation path
LISNs
Y S x Goc
AC : A ? > DCZ DC
in T ¢ S0 —s Converter

ALY

/‘/////////////////////////////

Fig. 1.10 CM noise propagation path

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

v vrnQ Q

L VvmtQ 1Q (3.1



vi andv; both can represent total EMI noise. In the measurement, the amplitudesdi.

are almostdenticalbecauséom andicm are high frequency AC currents).

DM noise voltage and CM noise voltage can then be represented as:

v viQ ——

. . (1.2
V) v T e

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
researches have been done to reduce the CM noise of PFC cof8}€ries][9][10]. However,

the CM noise of DC/DConverter still remains a challenge.

1.4 CM noise reduction methods for switch mode power supplies

In order to reduce the CM noise filter size, many researches have been done to reduce the CM
noise of DC/DC converters. To have a better understanding onrtlegfe of these methods, CM

noise sources ant$ propagation path shouluist beidentified.

Flyback is the most widely udeopology in adapter productsSig. 1.11 shows the flyback
topology and the parasitic capacitance that conducts CM fidiseswitch performance of primary
device can introduce severe voltage pusé&t The switching of secondary device can also
introduce voltage pulsdv/dt They can be modeled as two voltage sources. There is parasitic
capacitance between the primary winding and secondary winding of transformer. It is one major
CM noise path. The parasitic capacitance between the drain of primary MOSFET and ground is
anotherCM noise path. The CM noismirrentis generated by voltage pulde/dton the parasitic

capacitancerig. 1.12 shows the CM noissource and propagation pathflyback converter.



—Vin

_FVa

Fig. 1.11 Topology of flyback converter

Fig. 1.12 CM Noise source and propagation path of flyback converter

The interwinding capacitancéetween the primary winding and secondary winding of
transformer is a major propagation path of CM noise current. Many researchesdrat@cbhsed
on reducing the intewinding capacitanct reduce the CM noisé [11], CM noise cancellation
is achieved by blocking the displacement current go between primary winding and secondary

winding of transformer.Fig. 1.13 (b) shows the proposed transformer structure for a flyback
10



converterThe t echnol og Yhe prenargveEnsliograndisecahdaay svindingve the

same length, have the same number of turns of wire faime diameter, and are concentrically
disposed on the core in the same axial posititweir winding sense and connection to a primary
circuit and a secondary circuit, respectively, are chosen so that correspondingly situated ends of
these two coils carrglternating voltages of the same polarity in the operating condlitign Big.

1.14 shows the voltage distribution of the primary and secondary windings. Assuming the voltage
distributes linearly along the windingt can be seen that for a specific point on the primary
winding, it shares the same voltage potential as theg@onding point on the secondary winding.
Consequently, there is no voltage difference between the primary winding and secondary winding
and no displacement current can flow between the primary and secondary windings. Thus the CM

noise current flowing tlough the transformer is blocked.

11
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(b) Transformer structure

Fig.1.131:1 transformer to reduce CM noise
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Fig. 1.14 Voltage distribution of primary winding and secondary winding
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However,this method requires that the primary winding and secondary winding must be
aligned perfectlyFig. 1.15 showsthat if there is a misalignment between primary winding and
secondary winding, the voltage distribution will change. As showfignl.15 (b), therewill be
voltage difference between the primary and secondary winding and this will 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.

(b) Voltage distribution of misalignment windings

Fig. 1.15 Misalignment between primary and secondary windings

13



Another limitation of this method is that it requires the primary and secondary winding using
identicalnumber of turns of wire of the same diamekdowever, in practice, the turn ratio of the
transformer can note be 1:1 in an adapter application. Mekmnwinice the primary and secondary
winding have differenRMS current flowing through, the diameter of primary and secondary
windings should be differentig. 1.16 shows a practical design of a flyback converiEne
primary winding has three layers and the secondary winding has onellagéurns ratio is 36:5.

There is displacement current between each layer of winding. However, the displacement current
flows between primary windings does not contribute to the CM noise current because this current
will circulating within the primary side. The CM noise current comes from the displacement
current flows from primary winding o secondary winding. The displacementreat and

lumped interwinding capacitance can then be calculated.

In order to calculate displacement current and lumpedwwiteing capacitance, the voltage
distribution of primary winding £and secondary winding need to be identified, as showigin
1.17. Np3 stands for the number of turns of BRyer, N> stands for the total number of turns of
primary winding and B stands for the number of turns of secondargdivig. Gs is the total

capacitance between primary winding layeaRd secondary winding.

14



Fig. 1.16 Transformer structure for a flyback adapter
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Fig. 1.17 Voltage distribution of primary winding P3 and secondary winding

The total displacememwurrentflowing from primary winding to secondary winding can then
be calculated as:

15



Mo —— 0 0 (1.3)

In a practical transformer, there is a large amount displacement current flowing between the
primary and secondary windings. This contributes large CM noise cytr2hprovides a method
to block the CM noise current when the primary winding has much more number of turns than the
secondary windingrig. 1.18 shows the proposed transformer stuwe. In this figure, half core of
the transformer is implemented into the circdibhe primary winding has threkayers and
secondary winding has one layer. Instead of using one 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 paR3is a special winding thasiidentical with secondary winding but
connected in series with the primary windifigne displacement current flows between primary
windings does not contribute to the CM noise current because this current will circulating within
the primary side. As shown Fig. 1.19there is no voltage difference between the special primary
winding P3 and the secondary windingconsequently, there is no CM noise current flowing

through the transformer.

16
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Fig. 1.19 Voltage distribution of P3 and S

This method is an improvement[dfl]. However, it shares the similar limitations wjiti].
This method also requires that the spk@rimary winding must be identical with secondary
winding and two windings should be aligned perfectly. Hence, this method cannot be very

effective in mass production.

17



In [13], a shielding method is provided to better block the CM noise current flowing through
the transformerFig. 1.20 shows its transformer structure. Two layers of copper shielding are
added between the primary and secondary winding of transformer. One layer is connected to the
primary ground and the other layer is connected to the secondary grberdispl@aement current
flowing from primary winding to Shielding 1 will be confined in the primary side. Similarly, the
displacement current flowing from secondary winding to Shielding 2 will be confined in secondary
side. These current will not cause CM nois@iéssAlso, here is no voltage difference between
two copper shielding. Hence the CM noise current is blocked. And it is easy to make these two

copper shielding layer identical in mass production.

Shielding 1 Shielding 2
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Fig. 1.20 Two layers of shielding in the transformer

This method can effectively block the CM noise current flowing through the transformer.
However, it has limitation too. As shown kig. 1.20, the parasitic capacitancenéprovides

another CM noise path. All the previous methods cannot reduce this part of CM noise.
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In [14], ashielding method is provided that can reduce CM noise flowing through both the
transformer and parasitic capacitoCFig. 1.21 shows its transformer structure. keatl of using
a shielding that blocking the whole winding area, it reduces the shielding width and leaves a non
shielded arealn nonshielded area, the voltage of primary winding is higher than secondary
winding. Displacement currentflows from primaryto secondaryin the shielded area, the voltage
of secondary winding is higher than shielding, so the displacement dufftems from secondary
to primary. Also, there is another curréntlows through parasitic capaciton& By controlling
the widthof shielding, thehreecurrent can cancel each otl{&r4) that there is no net CM noise

current.

(1.4)
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Fig. 1.21 Partial shielding method

However, in the real production, the optimal width of shielding is obtainédabhanderror

procedure and requires a lot efféntaddition, this method requires a precise control on the relative

19



paosition of windings and shielding. However, it is hard to guarantee this for every transformer in

the real production and will diminish the effect on the CM noise reduction.

1.5 Thesis outline

The main objective of this thesis isanalyzethe CM noisecharaceristicfor isolated DC/DC
convertersThen provides a system approach to minimize the CM noise while not impacting circuit

performance.

The first chapter introduces background knowledge of EMI related issuesff-line
applications, isolated DC/DC coenter generates most CM noise. In order to attenuate the noise,
large EMI filter is needed and this reduces the system power déristy.the review of previous
CM noise reduction method for isolated DC/DC converters is provided. However, those method
camot achieve best CM noise reduction and its effect is diminished during mass production. The
challenge for CM noise reduction is achieving good CM noise reduction for the whole frequency
range and the parasitics should be easily controlled in real prodtctjuarantee the enough CM

noise reduction.

In Chapter 2, the general balance concept is introduced. The balance technique can effectively
reduce the CM noise while not increasing the complexity of the circuit. Then, CM noise model of
flyback converter,a popular topology for isolated DC/DC convertir,discussed. The main
propagation paths of CM noise current are merding capacitor of the transformer and parasitic
capacitor between the drain of MOSFET and ground. Then, the double shieldinguealsirgy
balance concept is provided to reduce CM noie using this method, the CM noise can be

minimized in system leveFurthermore, this method is easy to design and implement in the real
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production. The balance condition is easily controlled amadsmiees effective CM noise reduction

in mass production.

In Chapter 3, CM noise characteristic of resonant converter is discussed. Then a novel one
layer shielding method for PCB winding transformer is provided. After implementing the shielding
layer, theprimary and secondary windings of transformer is completely isolated and assures that
no CM noise current will flow through the transformaraddition, shielding does not impact the
performance of the converter, the total efficiency is almost the sauthe ariginal version. Next,
matrix transformer is introduced and a LLC converter using matrix transformer is used as an
example. The shielding method is applied to the matrix transformer and have good CM noise
reduction. After optimizing the winding strture, the loss on shielding can be minimized and total

efficiency of the converter is not impacted by shielding layer.

Chapter 4s conclusions with the summary and the future work.
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Chapter 2. CM noise reduction using balance concept

As shown inprevious chapteCM noise of DC/DC converter is a very serious problem. Many
methods have been raised to reduce the CM noise of DC/DC converter. However, there is no
solution that can reduce the CM noise for all important paths and still effective iprodastion.

In [7][8][9][10], balance technique is provided to solve CM noise issue for PFC converters. This
chapter tries to combine theiskling technique and balance concept to provide a novel method
that can effectively reduce CM noise for isolated DC/DC converter. CM noise model and shielding

design consideration is provided. Experiment result verifies the validity of this method
2.1 Intr oduction to balance technique

CM noise current is formed by severgdton parasitic capacitance, as show(iri). Before
the balance technique was proposed, several methods had been provided to reduce CM noise by

introducing anothedv/dtsource to cacel the previous oné5][16][17][18][19][20][21][22].
Q 0 — (2.1)

In [22], CM noise is cancelled by achieving symmetrical circuit topoldgg. 2.1
demonstrates the symmetrical boost topology versus a conventional boost td@a@logyhe
originalboost inductor L is split into two identical coupled inductpahd L. In addition, another
diode D2 is introduced. Thus, anotlderdtsource is introduced and it has #ame amplitude and
opposite polarity witmode A.The parasitic capacitordCand Cq. is controlled to be the same

value.Hence, the CM noise current flowing through &nd G has the same amplitude but-out
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of-phase. Consequently, there is no net CM noise current flowing to the ground and CM noise has

been cancelled.

rorn—— —
@] -
Vin + e $+
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(a) Conventional boost converter
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@ =
+
Vin

(b) Symmetrical boost converter

Fig. 2.1 Boost converter with symmetry technique

Although the experiment shows significant CM noise reduction, symmetry technique has its
own limitation. Most popular topologies are not symmetrical structure. In order to achieve
symmetry, additional components is required to be added in the circuit, such as diodes, power
switches and windings. This will make the converter more complicated and iregsodutra loss
and higher cost. It sacrifices too much to reduce CM noise, which is not applicable in commercial

products.
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In order to have good CM noise reduction without extra loss, balance technique is provided
[7]. As shown inFig. 2.2, the inductor is splitin to L1 and L2, but there is no need to add another
diode into tke converterCq is the parasitic capacitance between MOSFET drain and grouisd. C
the parasitic capacitantetween the cathode of diode IBrge area of output traces, load and the

ground. Gis the parasitic capacitance between load, large area aftatapes and the ground.
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Fig. 2.2 Balanced boost PFC converter

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

Hence, the MOSFET can be replaced by a voltage sowsea¥ shown irfrig. 2.3.
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Fig. 2.3 Replace the MOSFET with a voltage source

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

Thus, the CM noise model of this boost PFC convéstshown inFig. 2.4.

Riisn
(25Y) < VLISN

Vv

Fig. 2.4 CM noise model of balanced boost PFC converter

25



It can be seen that this CM noise model is a Wheatstone bridge circuit. In a general Wheatstone
bridge structure shown iRig. 2.5, if the balance equatiqgf2.2) is satisfied, point B and point D

have identical voltage and there is no current going outside this circuit.

Fig. 2.5 Wheatstone bridgersicture

— - (2.2)

Thus, for the CM noise model of boost PFC convertdfign 2.4, as long as the balance

equation(2.3)is satisfied, there is no CM noise current generated by converter going through LISN.

(23)

In contrast to the symmetry technique, this ratio in the balance technique do not need to be
only 1:1. The impedance ratio can be any value as long as the balance condition is satisfied, CM
noise @n be cancelled. Hence, the balance technique offers additional freedom to the designer to
choose the impedance ratio according to the converter design. Furthermore, balance technique do

not require additional components in the circuit. This will not iaseethe complexity of the
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converter and will not increase the cost and loss while has significant CM noise reduction, which

is preferred in the commercial products.
2.2 CM noise model of flyback converter

According to previous analysis, a valid CM noise miaggrerequisitefor developingan
effective CM noise reduction methdélyback is a very popular topology for the DC/DC converter
in off-line applications. In this chapter, flyback converter is used as an example to illustrate the

novel CM noise reductiomethod.

Fig. 2.6 shows the topology of flyback converter. It has only one switch and one diode. Due
to its simplicity, flyback converter is widely used isolateddC/DC converterin low power
switching mode power supplieBecause the CM noise is generated by voltage pwiskton the
parasitic capacitance, it is necessary to first identify the noise sources in fodgraakter. The
switching performance of primary power switch can generate severe voltagedplaiserhe
primary power switch can then be modeled as a voltage source. Similarly, secondary diode can

also be modeled as a voltage source since it geneltdgerpulsalv/dton the secondary side.

B D

° + \VI/D )
Np Ns T VO
Vin 2= A )
+
Va 5

Fig. 2.6 Topology of flyback converter
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As shown in Fig, the switch componsiitave been replaced by voltage soymsext step is
to identify the CM noise path, whids the parasitic capacitance that conduct CM noise current.
One major CM noise current path is the parasitic capacitance bettveedrain of MOSFET and
ground. As shown iifrig. 2.8, there is parasitic capacitor between the drain pad of MOSFET and
the heat sink attached to it. Because the heat sink is connected to ground, this parasitic capacitor

is becoming a major path of CM noise current.

B
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Fig. 2.7 Replace the switches by voltage sources
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Fig. 2.8 Parasitic capacitor between drain of MOSFET and ground

Another important CM noise current path is the iwarding capacitancdetween the
primary winding and secondary winding of transformer. Through thiswiteting capacitor, the
CM noise current can be transferred from the primary side to secondary side and go to ground.
However, the intewinding capacitor is discrete syraapacitance, it is inconvenience to directly
use it in the CM noise moddHence, a lumped capacitor is required to represent the original

discrete capacitor.

The basic idea of lumped capacitor is getting a lumped capacitor that the displacement
currentflowing from primary side to secondary side through the lumped capacitor is identical with
the displacement current flowing from primary winding to secondary winding through original
discrete stray capacitoithe lumped capacitor value is highly dependedtioe transformer

structure.

Fig. 2.9 shows a typical transformer structure. The primary winding has three layers,
secondary winding has one layer. Both primary arwbrsgary windings are winded by wires.

There is parasitic capacitance between each layer of the transformer. Because the voltage is
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different between each layer, there will be displacement current flowing between different layers.
However, the displacemeatirrent flows between primary winding layers does not contribute to
CM noise current because this current is confined in primary Gidlg.the displacement current

flowing between primary winding and secondary winding contributes CM noise current.
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Fig. 2.9 Transformer structure

In order to get the lumped capacitor between primary and secondary side, the total
displacement current flowing between primary and secondary windings shstiltefcalculated.
Voltage distribution of primary windingaRand secondary winding is identified fig. 2.10. Np3
stands for the number of turns of Ryer, N> stands for the total number turns of primary
winding and N stands for the number of turns of secondary windirgi<he total discrete stray

capacitance between primary winding layeaRd secondary winding.
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Fig. 2.10 Voltagedistribution of primary winding P3 and secondary winding

The total displacement flowing from primary winding to secondary winding can then be

calculated as:
Mo —— 0 0 (2.4)
The lumped intewinding capacitance can be derived as:
0 —0 (2.5)

Fig.2.11shows the CM noise model of flyback converter with lumped capachercurrent
will flow from primary side through & and G to secondary side. This current will cause CM

noise issue. In order to reduce CM noise using balance technique, another capatae€ded.
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Fig. 2.11 CM noise model of flyback converter

2.3 Double shieldirg technique using balance concept

Balance technique is widely used in reducing CM noise for PFC converters. This technique
can also be applied to isolated DC/DC converters to reduce CM noise. As sheigrial, the
CM noise model of flyback converter does not look like a bridge circuit. It only has one branch of
the bridge. In order to form a Wheatstone bridge circuit, another capacitor is neexehéct
point B and point D. This can be achieved by adding the proposed shielding between primary

winding and secondary winding of transformer

Fig. 2.12 shows the proposed shielding structureo layers of shielding is added between
the primary winding and secondary winding of transformer. Each shielding has been divided into
two parts, the upper part and the lower part. For the left layer of shietimgipper part is
connected to point A, the lower part is connected to point B. the right layer of shielding, the upper

part is connected to point C and the lower part is connected to point D. Thus the upper part of
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shielding forms a capacitor connectingirg A and point C. The lower part of shielding forms a

capacitor connecting point B and pointThe CM noise model is shown kig. 2.13.
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<
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Fig. 2.12 Double shielding using balance concept
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Fig. 2.13 CM noise model of flyback converter with balance double shielding technique

This CM noise model can be redrawn as the bridgeiitishown inFig. 2.14. However, this

is not the typical Wheatstone bridge structure. It has voltage sources in the branches. Although it
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cannot achieve impedancalénce, it is possible to achieve a more general balance condition in
the voltage sense. That is, the voltage potential of point X and point Y should be identical. Thus

there is no net CM noise current flowing outside the circuit.

Fig. 2.14 Bridge circuit form of CM noise model

The balance condition is derived(®.6). In order to achieve the balance condition, the value

of Csp and Gic need to be controlled.

T
T

(2.6)

The 3D structure of the transformer with balance double shielding is shdwign #115. Cgp
and G is formed by two shielding layer$hey can be treated as coaxial cylinder capacitor, as

shown inFig. 2.15. The capacitance can then be calculated as:

0 — 2.7)

0 — (2.8)
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Fig. 2.15 3D structure of transformer with balance double shielding

Furthermoreif the distance between two shielding layers are much sniadlerthe radius of

the shieldingQ 'Y 'Y L 'YHY.Then,
ae Ilp — — (2.9)

Thecapacitance can then be derived as

o) (2.10)

[14

4 (2.11)

Cep and Gic can then be treated as parafidte capacitors. This further simplifies the
calculation.For a specific transformer, the total length andpemeterof the shielding is fixed.
In orderto adjust the capacitance ogCand Gic, the distance between two shielding layers and

the position of the gap between the upper shielding and lower shielding can be controlled.
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In the real implementatiofiexible printed circuit board material can bged to build the two
shielding layers. One type of flexible printed circuit board material is polyimide double sided
copper clad laminate. It is easy to cut or etch the gap on the copper layers while keep the insulation
layer complete. Thus the total twbielding layers is formed in one piece flexible printed circuit

board material and it is easy to implement the shielding into the transformer.

One benefit of this novel shielding technique is that the capacitange ah@ Gp is easy to
be calculated ahcontrolled since £ and Gp is formed by two layers of copper. In addition,
once the shielding is built by flexible printed circuit board material, the relative position of each
part of shielding is fixed. It assures that this method is still valid assyproduction since the
tolerancecan easily be controlledAnother benefit of this shielding technique is that it is
independent of the transformer structure. The capacitance@d Gpis only controlled by the
shielding structureThe deviation ofthe transformer winding production cannot impact the

effectiveness of balance technique.

2.4 Experimental results

A 65W flyback adapter is used to verify the proposed balance shielding method. The
measurement is done in the EMI chamber with 110V AC inputw@htb&d condition. According
to the standard EN55022, LISN is connected to the input of the converter and Agilent EMC 7402A
EMC analyzer is used to measure the EMI. The CM noise is separated from the total EMI noise

using the noise separator proposef2i8]. The CM noise is measured in peak mode.

The original CM noise of flyback converter is first measured. There is no shielding or other
CM noise reduction methaapplied to the original converter. The measured CM noise is shown
in Fig. 2.16. It has a relatively high CM noise level in the 150kHz to 30MHz frequency range.
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Fig. 2.16 CM noise measurement result for original transformer

The two layer complete shielding metHa8] is firstapplied to the transformer to set a bench
mark. Theresult of this method is shown lfig. 2.17. The CM noise has been effectively reduced

by 30dB.
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Fig. 2.17 CM noise measurement results with tiager complete shielding

Then the balanced double shielding method is applied in the transformer. The CM noise
measurement result is showrFig. 2.18. The CM noise is reduced aymost50dB. The balanced
double shielding method has more CM noise reduction than two layer complete shielding method.
It is because for the two layer complete shielding, it can only block the CM noise through the
transformer and it cannot reduce the CM nols®ugh parasitic capacitora€. While for the
balance double shielding method, it can cancel the CM noise both flowing through the transformer
and flowing through parasitic capacitondC The experiment verifies the effectiveness of the

proposed shieldingmethod.
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Fig. 2.18 CM noise measurement result with balance double shielding

2.5 Summary

This chapter introducdbe balance technique for PFC converter. Then the shielding concept
and balance concept are combit@gropose a novel double shielding techniduires method can
have an effective CM noise reduction in the circuit lelreladdition, by using this method, the
parasitic capacitance which impact CM noise is easy to be calculated and controlled. thimakes
method suitable to real mass production that the tolerance of the parasitics can be controlled and

the error on transformer winding production will not impact the balance condition.
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Although this chapter uses flyback converter to illustrate the pegpshielding method, the
balanced double shielding technique can be appliddferent converter topologieBy using this
method, the bridge circuit can always be build and the balance condition can be achieved by adjust

the shielding structure. Hendljs method has a very wide range of applications.
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Chapter 3. CM noise reduction for resonant converter
3.1 Introduction

People always want the power supply to be smaller and more effithettmakes the power

density and efficiency are the two major driving forces for power supply syg2difi25].

Pulsewidth modulation (PWM) converters is widely used in frend DC/DC converters.
However, because of the hard switching performance, the switchingisossrge 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 pewsityland high
efficiency. Soft switching technique can make PWM converter achieve zero voltage switching
(ZVS). 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. Hoaewanother disadvantage of PWM converter
still limits its performance. For the computing electronic systems, such as desktop, laptop, server
and teleconmapplications, certain holdp time is required to assure data security. Normal PWM
converters requirbulky hold up capacitors to guarantee the hgidime Thus the power density

of PWM converters are still limited.

LLC resonant converter, as showrHig. 3.1, is kecoming more and more popular because of
the high efficiency and high power densi36][27][28][29][30][31][32][33]. 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 (ZCS). Because of
this, the switching loss of LLC resonant converdan 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 reduce the size of passive components and
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improve power densityFurthermore, 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 LLC resonant converter makes it have goodupolchpability to reducéhe
volume of holdup capacitor. In summary, LLC resonant converter is becoming dominant in off

line power supply systems.
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Fig. 3.1 Topology of LLC resonant converter

In order to study the CM noise of LLC m®ant converter, the noise sousrel propagation
pathshould first be identified. As shown kig. 3.1, there are thredv/dtsources in the primary
side:vi, v2 andvs; two dv/dt sources in the secondary sidei andvs. Same as other isolated
DC/DC converters, the intavinding capacitor between primary winding and secondary winding
of the transformer is the major CM noise path and will lead to high CM noise tufien
secondary noise sources andvszhas identical amplitude with opposite direction. Hence the CM
noise current generated s andvs2will cancel each andsi andvsztogether will not cause CM

noise problem.
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The dominant CM noise sourcevs its waveform is shown iRig. 3.2. It has very short rising
and falling time and ringing. This will introduce sevegdtover the intetwinding capacitance

and leadgo large CM noise current.

Fig. 3.2 Waveform of v

However, ifLr is integrated into the transformer as leakage inductance, the dominant CM
noise source becomes The waveform of- is shown inFig. 3.3. It is the sum of;, andcapacitor
voltage \¢r. The waveform of/ is shown inFig. 3.4. It is generated by the switching performance
of primary side switches. Because of the ZVS of primary switchéss slower rising and falling
time without overshoot and ringing. And thdtage on Cr is sine wave. Hengehas slow rising

and falling time and no ringing. This will reduce the high frequency CM noise of the converter.

Fig. 3.3 Waveform of ¢
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Fig. 3.4 Waveform of y

As mentioned before, the inteninding capacitance is the major CM noise current path and
its value determines the amplitude of CM noise. In high frequency, high power density LLC
resonant converter, PCB winding transformer is widely u$sed. PCB windingransformer is
easily built in an automatic manufacturing prod&#g. In addition, the PCB winding transformer
can achieve high power density and low profile. §ithe PCB winding transformer has a large
area of copper winding and will have large inteénding capacitance. This will leads to severe

CM noise problem for converter has PCB winding transformer.

3.2 Shielding technique for PCB winding transformer to reduceCM noise

One design of LLC converter using PCB winding transformer is shoWwigir3.5. Primary
winding has two series connected winding Pril and Pri2 using litz wire. Secomualing is
implemented by foulayer PCB board. For each half of the cettégr structure, the secdary
winding has two one turn PCB windings in parallldie four-layer PCB secondary winding is in
the middle layers and two primary windings are on the outer layers, which forms an interleaving

structure. This can reduce leakage inductance and AC wingsigiance.
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(a) LLC resonant converter structure

(b) Cross section view of transformer structure

Fig. 3.5 LLC resonant converter with PCB winding on secondary

However, good interleaving between primary and secondary windings will introduce large
inter-winding capacitance and severe CM noise currenbrder to reduce the CM noise, a

shielding method is provided for PCB winding transformers.

As shown inFig. 3.6, because of the interleaving structure, shielding layers Shieldingl and
Shielding2 are added between Pril and Secl, Pri2 andSgeRlingl and Shielding2 also for

a center tap structure and both connected to primary ground. Because of this, CM noise current
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