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Abstract

Development of novel low noise Switcmode power supply designs for high

fidelity audio power amplifiers
Nasir

Today, linear power supplies are widely used to provide the supply voltage rail to an
audio amplifier and are considerkdlky, inefficient and expensive due to the presence

of various components. In particular, the typical requirements of linear designs call for
physically large mains transformers, energy storage/filtering inductors and capacitors.
This imposes a practicdimit to the reduction of weight in audio power systems. In
order to overcome these problems, Switabde Power Supplies (SMPS) incorporate
high speed switching transistors that allow for much smaller power conversion and
energy storage components to bgpéoyed. In addition the low power dissipation of the
transistors in the saturated and off states results in higher efficiency, improved voltage
regulation and excellent power factor ratings.

The primary aim of this research was to develop and characterimovel low
noise switch mode power supply for an audio power amplifier. In this thesis, | proposed
a novel balancing technique to optimize the design of SMPS that elevate the
performance of converter and help to enhance the efficiency of power supplghh
high speed switching transistors. In fact, the proposed scheme mitigates the noise
considerably in various converter topologies through aiffemechanisms. To validate
the proposeddea, the technique is applied to different converters e.g; PFGt boo
converter, flyback converter and fldfidge converter. The performance of audio
amplifier is evaluated using designed SMPS to compare with existing linear power
supply. On the basis ofxperimental resulisthe decision has been made that the
proposedbalanced SMPS solution is as good as linear solubu® to novelty and
universality of balancing technique, it can provide a new path for researchers in this
field to utilize the SMPS in all other audio devices by further enhancing its efficiency

and redicing system noise.
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1 CHAPTER1 INTRODUCTION

This thesisdetailsa research pregt to develop novel W noise svitch mode power

supply designs for high fidelity audio power amplifiers.

1.10verview

The audio power amplifier is an electronic device which is used to amplify the audio
signal inanaudio system. The quality aih audio system is measured by thewacy

of reproduction ofinaudio signal. There are various methods to quantify the fidelity of
audio systemmbased on the several measures such as frequency response, total harmonic
distortion and noise (THD+N) (Self 2009). The frequency response meathee
linearity (reproduction of audio signal without distortion) of an amplifier. It should be
flat in the frequency range of human hearing (2@8kHz) for a high end audio
system. On the other hand, the THD is also an important factor to quantifydioe au
system because it measures the performance of an audio system which depends on
accuracy othereproduced audio signal. The THD+N should be less thad. 186 fora

high fidelity audio system (Duncan 1996).

Thehigh fidelity performance oén audiosystemis limited as a result of theoise
generated bythe power supplywhich interfers with anddistors the audio signal.
Currently,the lineartype ofpower supplyachieves the lowest harmonic distortion in an
audio output stage. However, ithsilky, inefficient and expensive due to thecessity
of various components. In particularrelatively largepower transformer is utilized in
these power supplige meet the large variation in load current resulting from typically
large dynamic variations inoand level. Furthermoreéhese power supplies operate at
the power line frequency of 50/60Hz which requires other components such as energy
storageffiltering inductors and smoothing capacitangch are physically large at these
operating frequenciesThis imposes a practical limit on the achievable reduction of
weight in audio power systemmsnd the large components are casily order to
overcome these limitation§witchmode Power Supplies (SMPS) which are able to
operate at higher operational frequeschave been introduced as the power source in
many types of electronic system. SMif8orporate high speed switching transistors
that allow for much smaller power conversion and energy storage components to be
employed. In addition the low power dissipatiof the transistors in the saturated and
off states results in higher efficiency, improved voltage regulation and excellent power



factor ratingsHowever, die to the higher switching frequency used in SMPSrdte

of change ofvoltage (dv/dt) and curne (di/dt) across theswitching power transistors
causes significant Electromagnetic interference (EMI) emis@iagrial and Hellany
1999) Consequently unless extensive shielding is used, which is usually impractical in
commercial products, tHeMI noiseinterferswith the audio signdkading to distortion

and a reduction in fidelityThereforg at the present time there exists a clear need for
novel techniques toeduce the affect dEMI noise generated by SMPS.Thus he
principal aim of this researchroject is to investigate techniques for the design of low

noise switch mode power supplies for audio power amplification.

1.2Aims and Objectives

The primary aim of this research project is to investigate techniquekdalesign of

low noise switch mode power supplies for audio power amplification. Whilst the use of
SMPS in audio amplification is not novel in itself, the contribution will arise from
design optimisation to achieve the lowest possible harmonic dist@iessthan A.%)

in the audio output stagduncan 1996) This will allow the Switch Mode Power
Supplies to be used in the highédelity audio systems such as those produced by the
company collaborating with this researddaim Audio.

It is important toemphasiseghat EMI noise reduction inSMPS for an audio
amplifier cannotsimply be achieved through additional filtering. The reason istlieat
normal amplitude transients that ocaumusicaudiosignalsresult invariations inload
impedancewhich usually makesilter design too complicated and/or impractical.
Therefore improved SMPS designs must provide alternative solutions to the noise

production problem.
The principal research aim gives riseataumber okeyresearch objectives:

1 Propose anovel technige of internal EMI filter to cope with converter to

mitigate noise internally.
1 Review and analyse current research in the field

1 Develop a detailed understanding of the relevant background tla@olry
knowledge of the international Electromagnetic Interference (EMI)

regulatory requirements.



1 Develop knowledge and skills in the methodical design and experimental
evaluation of SMPS for audio power applications with emphasis on EMI

noise reduction technigs.

1 Understand how to translate SMPS designs into optimal printed circuit
board layouts so as to minimise radiated, conducted and parasitically

coupled noise.

1 Understand and use appropriate experimental techniques to evaluate and

characterise SMPS praype designs.
1 To critically review the project, draw key conclusions and identify
limitations and scope for future work.
1.30utline of this thesis

This chapternintrodues of the research project and states the aims and objectives of

proposed investigation.

Chapter 2 Discusses the theretical background relating to SMPS design,

implementation and characterisation.

Chapter 3Presents aomprehensive literature review of research topatsvant tothis

project.

Chapter 4 [@scribes the mehodology used to delop the novellow noise SMPS
designs and performance evaluation through simulation and bench characterisation.

Chapter 5 Presents the experimental results obtained from the performance evaluation

of the new designs.

Chapter 6 Adiscussion ofthe results, conclusions and suggestions for the future

research work.

References and appendices are presented at the end of this thesis.



2 CHAPTER 2 THEORETICAL BACKGROUND

2.1Introduction

The basic block diagram of a SMPS is shown in figure 1. The initial s&ageut
rectification and filtering. Input voltage is typically rectified by a diode rectifier and
then followed by a bulk storage capacitor. The fast power semiconductor switching
devices such as power MOSFETs or BJTs are used to produce the high fyequenc
square wave signal. This signal is then fed to the primary side of a high frequency
transformer to isolate the source and load. In addition a suitable voltage magnitude can
be obtained at the secondary side of transformer corresponding to the transfionser
ratio. This voltage is then rectified and filtered to obtain the output dc voltage. To obtain
the regulated output voltage, the feedback circuit is designed to control the switching
devicegWhittingtonet al. 1997.

————

High

e _ l
i»—”I { 4% —tj; l; §H€ i

I volta
PER mosfet or volinge
bipolar
Input rectification A Power Qutput rectification
and filtering Transformer and filtering
duty cycle il
=
control PWM P
control osC Vref
circuitry

Figure 1 : Block Diagram of Switch mode Power Supply{Whittington et al. 1997

There exist sveral topologies of SMP8achdeveloped to fulfill thepower supply
requirementsn various applicationsin this chapter these different SMR&oologies
are evaluatedn order toidentify the most suitable generic desidgor the current

research project

Topologies of SMPS can be classified into two major categ on the basis of

isolation:



2.2Non-Isolated SMPS

Which is typically furtherlassified into twasubtypes

2.2.1 Step-down (Buck) regulator

In this type of converter, the average output volteg®wer than theinput voltage.
(Mohan 2011) The basic topology of this converter is shown inifep.

In this topology the input voltagis switched at high frequency by placing the
switch Q1 in series with the input voltage. During the steady state operatidimeof
circuit, the operatiorcan be divided into two timing intensthe ON time andhe OFF
time. During the ON time intervalhé diode D1 is reverse biased and the circug &t
a low pass LC filter. Also the input voltage is supplying the energy to the output
through the inductor. The inductor is charged during this time interval. While, during
the OFF time interval, the diod1 is forward biased and the inductorss&s$ source to
supply the power to the loaRL through the diode.

Q1 @
‘ - L1 Vout

N A A A

Vin

Figure 2: Step-down Converter
The equation to find the output voltage is given as
6 A& 1)
A — 2)



A= duty cycle, 4 = ON Period, 4 = Switching Period

Majid et al. (2012) analyzed the EMI noisetbé buck converr and concluded
that the size of EMI filter can bgreatly reduced in the sa of higher switching
frequenciegrange of MHz).

2.2.2 Stepup(Boost) converter

In this type of converter, the average output voltagtypically higherthan the input

voltage(Mohan et al. 2007)The basic topology of this converter is shown inirfég.

In this topology the input voltage is switched at high frequency by placing the
switch in parallel with the input voltage. During the steady state operation, the circuit
can be divided into two timing intervatie ON time and OFF time. During the ON
time interval, the diode D1 is reverse biased and the supply voltage provides the power
to the inductor. The inductor is charged during this time interval. While, during the OFF
time interval, the diode D1 is forward biased and both (input voltage and inductor)

supply the voltage to the output.

L1 ‘ D1

AL |: = Vout

Vin 91@ C1 # ?m

Figure 3. Stepup Converter

The equation to find the output voltage is given as

6 — 3)
A — (4)

Wang et al. (2007) analysed the EMI performance of the boost converter model. They
proposed the general balance technique to minimize the commde noise. In this

technique, two methods were introduced:



Reduction of CM noise duto the abrupt change of MOSFET source voltage

In this method, the boost inductor is split into two parts to balance the parasitic
capacitance of source/drain with the ground. As a result, thécGiMmon modeioise

is relatively reduced compared to thébalanced convertéiWang et al. (2007

Reduction of CM noise due to output capacitor voltage

There are two possible methodg¢ducethe CM noise due to output capacitor voltage.
Reduce the parasitic capacitance between the load and ground

Reduce the EL (Equivalent series inductor) and ESR (Equivalent seesistor)

of output capacitors.

2.3Isolated Converters

The isolated converter can be classified into two types asymmetrical and
symmetrical converterais shown in figure .4This classification isbased on their
magnetic cycle swing in the-B plot as shownn figure 5 Asymmetrical converters are
those in which the magnetic operating point of the transformer remains in the same

quadrant. The other converters are known as symmetrical.

[solated Converters
\

!

Asymmetrical Converters Symmetrical Converters

* 7 ]

Fljz-back converter| |Forward converter| | Push/Pull converter| | Half-bridge converter| | Full-bridge converter

Figure 4: Isolated Converters



hysterisis cycle of
the magnetic material

Figure 5: B-H plot of magnetic(Sullivan 1995)

2.3.1 Asymmetrical Converters

2.3.1.1 Fly-back converter

In a fly-back converter, the transformer is used for isolation to isolate the output voltage

and the input voltage source. The basmology of his converter is shown in fige6.

D1

o = _D’_. —

Np§§ Ns o~ RL
\. |

Vout

Figure 6: flyback converter

When theswitch Q1 is ON, the transformer stores the energy in the primary Lp
inductance and the energy stored in transformer is transferred to the secondary output
whenthe switch is OFF.



The equation to fid the output voltage is given by

8

6 a (5)
A — (6)
n=Np/Ns (7)

Np= Number of primary windings
Ns= Number of secondary windings

Yang et.al (2013) analysed the transformer of an isolated convertey &md
reducethe common mode EMI noise. Thiglentifiedthe advantages and disadvantages
of different methods of transformer shielding fmitigating of common mode EMI
noise Theyfurtherproposed that the balance concept based on double shielding can be
used to minimize common mode EMI. It was proved expemtally that this technique
significantly reduced EMI noise compared to other shielding techniqu@&ng et.al
2013)

2.3.1.2 Forward converter

In a forward converter, the transformer is used to isolate the output voltage and the

input voltage source. The basapology of this caverter is shown in figre 7.

Whenthe switch isin the ON state the input source energy transfers directly to
the loadRL throughthe diode D1 and inductor. WhiJstvhenthe switch is OFF, the
inductor provids the energyd the loadhrough the diode D2.



Vout

e | o
Np ? Ns D2 C:il__ RL

g
-g)

Vin

Figure 7: forward converter

The equation to find the output voltage is given as

8

6 — (8)
A — 9)
n=Np/Ns (20)

Np = Number of primary turns

Ns=Number of secondary turns

Yazdani et. al (208) examined the mitigation technique of conducted EMI noigkdan
forward converter and modified the forward converter to acheesysammetric forward
converter. Theglemonstratethatgreaterattenuation of EMhoise coulde achieved at
a higher operatimal frequency in the symmetrical converter as compareda to
conventional converter. Theglso showed that using eoupled inductor in the

symmetric convertenelpsto minimize the output voltage noise.

2.3.2 Symmetrical Converters

In these types of converters) aven number of switches are always used to exploit the

transformerés magnetic circuit in a bett

10



The advantage of using the even number of switches is to run the transformer core with

equal and opposite flux.

2.3.2.1 Push/Pull converter

In a Push/Pull converter, the transformer is used for isolation to isolate the output
voltage and the input voltage sourddoreover, dot notation is commonly used in
transformer schematic. The dot node of transformer have same instataolarity

(both dot end are in phas@&he basic topology ohis caverter is shown in figre 8.

The input voltage is switched across the primary side of the transformer by
switching the two switches Q1 and Q2 alternatelydonrequal time Pressman et al.
2009) As a result, gulsating voltagas producedacross the primarwinding of the
transformer. The transformer is used for isolation and also to step down the primary

voltage to the required output level.

During the ON interval (TON) foswitch Q1,a positive voltage is applied across
the dot end of transformer and the rawt end is negative. As a result, the upper diode
D6 acts as conducting (forwaldased) and lower diode D5 is rainductive (reverse
biased). The forward biased de@®6 provides the path to transfer the energy from the
transformer secondary side to the output load and inductor. The switch Q1 is turned
OFF at the end ahe TON period and the next intervaltise TOFF period. During the
OFF time interval, Q1 and Q2ear OFF and t hi deadtimé€hisdead c al |
time is necessary in order to avoid simultaneously conduction of both switches. During
this dead time, the leakage energiored in the transformer primary is dissipated
through the body diode of thevich and the diode D5 also becomes forwhiased on
the secondary side dhe transformer. The diodes D5 and #e bothconducting
during the deadtime providing a path fothe inductor current. The inductor current is
split into two parts and passesdhgh the secondary transformer windings (NS1 and
NS2) . Thus the voltage applied to the ¢t
opposite. Consequently, the practical voltage across the secondary is zacmasihnt
flux density is produced acrofise transformer core. In the similar way, the Q2 switch

works for the next half period of switching frequency.

11
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Figure 8: Push-pull converter

The equation to find the output voltage is given as

8 8

6 88 (11)
A — (12)
n=Np/Ns (13)

Np = Number of primary turns

Ns = Number of secondary turns

2.3.2.2 Half-bridge converter

In a Halfbridge converter, the transformer is used for isolation to isolate the output
voltage(Vout) and the input voltage sour¢¥in). The basic topology of this conver

is shown in figire 9.

As shown in the figre 9, one ley of bridge is constructed by transistors Q1 and
Q2, while the other leg adbridge is formed by capacitor C3 and GAafiktala 2012)
As a result this configuratios called hakbridge converter.

The input voltage is switched across the primary ofttiwesformer by switching

the two switches Q1 and Q2 alternately for equal dirrea result a pulsating voltage
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is producedhcross the primary of transformer. The transformer is used for isolation and

also to step down the primary voltage to the requiggut level.

During steady state operatipnhe capacitors C3 and C4 uskd half bridge
corverters are equal and chargeetgual voltage®f half the input voltage. During the
time period TON, the upper switch Q1 is ON, which resuitghe transfome § 0
primary side (dot end) becomimpgsitive and the other end tife primary connectei
the intersection of capacitors (C3 and C4). Therefore the voltage across the
transf or mesidé svindipg is tmna half oVIN during TON period. The
t r a ns f pimaryesided(dot end) is connected to thg positive andthe other end
is at half the potential of {\. On the secondary side of transformer, the diode D3
becomes forward biased and diode D4 becomes reverse biased. The diode D3 provides
the path to transfer the transformer secondary energy NS1 to the load through the
inductor. As a result, the voltage assothe inductor L is equal to the difference of
secondary voltage and output voltage. The switch Q1 is turned OFF at the tived of
TON period and the next interval is TOFF period. During the OFF time interval, Q1 and
Q2 are OFF and this time is called @ad time. This dead time is necessary in order to

avoid simultaeousconduction of both switchd®1 and Q2)

! |
_l_ 01‘@ - _g— 5 _n#“‘ -‘L Vo?ut
¢ Ns, c RL
—( N?>§ ; » 1=
le:

Figure 9: half-bridge converter

During the OFF time interval TOFF, the leakage energy stored in the transformer
primary is dissipated throughe body diode of the switch Q2 and the diode D4 also
becoms forward-biased on the secondary side of transformer. The diodes D3 and D4
areboth conductingluring deaetime and provide a path fahe inductor current. The

inductor current is split into twparts and passes through the secondary transformer
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windings (NS1 and NS2). Thus the voltage applied to the transformer secondary
windings is equal and opposite. Consequently, the voltage across the secondary is zero
and constant flux density is producedass the transformer core. On the other hand,

the voltage across the inductor L is equal to the output voltage in the reverse direction.
Therefore, the inductor current decreases linearly during this time.

For the next half cycle of time period, the switQ2 turns ON, which resulia
the transformer primaryodés side (dot end)
and the other end of transformer primary connects to the intersection of capacitors (C3
and C4). Therefor¢he voltage acros the tranformer primary ishalf of VIN in the
reverse direction durinthe TON period. Q2 turns OFF after the TON period and next
interval is TOFF. During the OFF time interval, Q1 and Q2 are OFF to avoid the
simultaneously conduction of both switches. In similaywthe next cycle repeats to

turn ON and OFF switches Q1 and Q2 alternately for the half of cycle.

The equation to find the output voltage is given as

6 — (14)
A — (15)
n=Np/Ns (16)

2.3.2.3  Full-bridge converter

In a Fultbridge converter, the transformer is used for isolation to isolate the output
voltage andhe input voltage source. The basic topologyhi$ tonverter is shown in
figure 10.

As shown in figire 10, the switches QAnd Q4 formone leg of the bridge and
switches Q3andQ2 formed the other led(llings and Morey 2010)The common leg
of bothtransistors QhndQ4 is connectedtotranf or mer 6 s pri mary do:
Q3 is connected to the other end. As a redhk applied voltage across primary is
pulsating AC voltage. The transformer function is to provide the isolation between input
andoutput voltages as well as step down the pulsating voltage up to the required output

level.

During the ON time interval, the switches Q1 Q2 turn ON, which resgultise

primary (dot end) to connect the positive potential @f ¥nd the other end to the
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negative of \W. On the secondary side of transformer, D3 becomes forwasgd and
the diode D4 becomes reverse biased. Also the diode D3 provides a path to transfer the
transformer secondary energy NS1 to the load througimtluetor. As a result, voltage

across the inductor L is equal to the difference of secondary voltage and output voltage.

The switches Q1 Q2 become turned OFF at the end of TON period and the next
interval is TOFF period. During the TOFF period, all fourtehes (Q1 Q2 and Q3 Q4)
are OFF and this time is called a dead time. This dead time is necessary in order to

avoid simultaneously conduction of both the switches.

During the OFF interval of switches (Q1 Q2), the leakage energy stored in the
transformer gmary is dissipated through the body diode of switch paiQ@3and the
diode D4 also becomferward-biased on the secondary side of transformer. The diodes
D3 and D4 areboth conducting during deatime and provide a path to the inductor
current. The indctor current is split into two parts and passes through the secondary
transformer windings (NS1 and NS2). Thus the voltage applied to the transformer
secondary windings is equal and opposite. Consequently, the practical voltage across
the secondary side mero and constant flux density is produced across the transformer
core. On the other hand, the voltage across the inductor L is equal to the output voltage
in the reverse direction. Therefore, inductor current decreases linearly during this time.

For thenext half time interval, switches Q3 Q4 turn ON, which resultshe
primary (dot end) to connect the negative potential gf &hd the other end to the
positive of iy. On the secondary side of transformer, D4 becomes fo+lasgd and
the diode D3 begues reverse biased. Also the diode D4 provides a path to transfer the
transformer secondary energy NS2 to the load through the inductor. As a result, the
voltage across the inductor L is equal to the difference of secondary voltage and output
voltage. Theswitches Q3 Q4 become turned OFF at the end of TON period. In a similar
way, the next cycle repeats to turn ON and OFF switches Q1 Q2 and Q3 Q4.
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Figure 10:Full-bridge converter

The equation to find the output voltage is given as

8 8

6 8 8 (17)
A — (18)
n=Np/Ns (19)

2.4Power factor correction

In the initial stage of SMPS, the input circuit typically consists of aviaNe rectifier
followed by a bulkcapacitor as shown in figure 1The peak voltage of inp(¥in) sine

wave is maintained by a budlapacitor until the following peak appears to recharge it as
shown in figire 12. During the peaks of inpwbltagewaveform(shownin blue colour)

, the current(shown in green colours drawn from the input and this current must
possess sufficient enerdy withstand the load until the following peak (as shown in
figure 12). As a result, the power factor of a power supply is reduced and harmonic
content becomes high. The regulatory bodies set a stadetfinéd byEN610003-2 to
impose the restriction on line current harmonic pollution. Therefore, it has become a
standard practice to modify the power supply using a power factor corréPar)

circuit.
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Figure 11: Full-wave rectifier
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Figure 12: Waveform of full-wave rectifier

The primary aim o PFC circuit is to decrease the harmonic elements ofsuaiment.

PFC circuits can be categorized as active and passive circuits. This classification
depends on components used incheuit. In actve PFC circuits, inductors and active
switching devices are normally used atige output voltage is regulated for line
variations. On the other hand, only passive components are used in passive PFC and

output voltage has line variations as it is not regaa
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2.4.1 Passive PFC Converter

In passive PFC circuits, the passive components with Diode Bridge are used to improve
the power factor correction. There are many possible schemes to implement passive
PFC circuits such as Passive PFC with Inductor on the D€ @ithe AC Side (figure

13). The advantages of passive PFC circuits are simple design, no high frequency EMI
noise and reliabilityGarcia et al. 2003)However, there is a practical limitation of
these filters due to bulky size of passive componafisence of voltage regulati@and

line frequency noiséSuzuki et al. 1997).

QSDI JSI!S ot JSm JS]}E
L —- L _.U""l:‘_.
N = (1 []Rl N ==l []Rl
Zp:  ZSps a0 T‘“
(a) (b)

Figure 13: (a) Passive PFC with Inductor on the DC Side (b) Passive PFC with Inductor on the AC
SidePFC

2.4.2 Active PFC Converter

The active PFC can be implemented by incorporating buck, booatborck-boost
converter between the input filtering capacitor and diode bridge rectifier. It is operated
by a control method in which switches are precisely controlled to shape the input
current to follow input voltage. The switching frequencies of these circuits are much
higher as compared ttine frequency and the output voltage is also regulated to
minimize the output ripple voltage. The output voltage is regulated in all types of active
PFC circuit by setting it lower or higher depending on converter type usetbiick
converter, the output voltage is setadower value than the maximum amplitude of

input voltage. While ira boost converter, the output voltage is seh togher value 8
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compared to maximum value of input voltage. The output voltage can beaseiner

or ahigher value in case afbuckboost converter.

These converters can be classified further into three types based on inductor
current continuity and discontinuityhis classificatiorincludescontinuous conduction
mode (CCM) , discontinuous conduction mode (DCM) and critical conduction mode
(CRM) (Chenand Chen2019. In CCM, the current througthe inductor during one
switching cycle can never reach zero. WhildDi@M, the current througthe inductor
reacles zerofor some timeduring each switching cycle intervaHowever, in critical

mode, the conduction is in between continuous and discontinuous mode.

2.4.2.1 Buck Converter based Active PFC

In this topology, the inpwtoltage is stepeddown tothe output voltage anthe output
voltage is regulated as shown inuig 14. It works only if the input voltage is higher as
compared tdahe set regulated output voltage. Duriagime interval of tito t2, there is

no input curent flowing in a circuit as shown in fige 15. Thatcausedglistortion ofthe

line input current neahe zero crossingoint of the input voltage. The input current is
also discontinuous due tbe high switching frequency switch that interrupts theslin
current in every switching period. As a result, the high frequency components

accompanied in a line current would increase overall EMI noise in a circuit.
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Figure 14:Buck PFC Converter
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Figure 15:Waveforms of Buck PFC Converter

2.4.2.2 Boost Converter basedActive PFC

The boost converter topology is most common for PFC circuits. It operates in three
modes- continuous conduction mode (CCM), discontinuous conduction mode (DCM)
and transition mode control. The transition mode control is also known as critical
conduction mode (CRM) which works dhe limit between CCM and DCM by
controlling the switching frequency wita controller. CCM boost converter and its
related waveforms are shown indrg 16 and figure17 (Lai and Chen 1993

In this topology, the input voltage is step up and the output voltage is regulated
through controlling the switching frequency of a converter. It operates throughout the
line frequency cycle and also there is no crossover distortion for input curreat. As
result, the line current has no distortion n#a zero crossingpoints of theinput

voltage. The input current follows the continuous conduction as an inductor is employed
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in series withthe input voltage and not disturbeby high frequency switahg.
Therefore, the input current is not affected with higher switching frequency components

which results in lower EMI.
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Figure 16:Boost PFC converter(Lai and Chen 1993)
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Figure 17:Waveforms of Boost PFC converter(Lai and Chen 1993)
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Figure 18: Waveforms of CCM and CRM Boost PFC converter{Lai and Chen 1993)

In a boostPFC converter, the inductor current can be either in continuous or
discontinuous mode depending on the type of controller technique used as shown in
figure 18. In comparison to CM or CRM techniques, the DCM converter operates with
fixed switching frequency and has inductor current in discontinuous mode. It also
introduces large peak currents due to discontinuous mode over every cycle of switching
period. Moreover, it generatesrdg@r EMI noise due to high frequency components
incorporated within it. Therefore, it is not used commonly for PFC circuit. In CRM
mode converter, a hysteresis control of variable frequency with zero current boundary is
normally used. This controller hasable input current control and also reduces the
losses of reverse recovery rectifier. In this mode, theti@ remains constant while

the OFFtime is changing according to set of input and output voltage regulation
required. As a result, when input vaJ&ais lowest, the switching frequency is highest

and vice versa.

The generation of conducted EMI noise in boost converter operating in DCM and
CCM have been presentedthreliterature (Ji et al. 2015). In order to reduce the overall

size of a convertethe integration of boost inductor and EMI filter have been proposed
22



and evaluated (Deng et al. 2014). The reported results showed the effectiveness of
integration experimentally.

2.4.2.3 Buck-Boost Converter based Active PFC

.
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Figure 19:Buck-boost PFC converte

(c)

Figure 20:buck-boost PFC converter
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In buckboost converter (figre 19 and figure 20), the input voltage can be step up or
step down according to the required output voltage. There is no crossover distortion for
input current as the converteperates throughout the line fremcy cycle as shown in
figure 19 As a result, no distortion in line current near zero voltage crossing points
occurs. Also input current has discontinuity due to switching component switches in
every cycle. Furthermore highfrequency component is added in the input current

path of the converter that generates additional EMI noise.

2.5Power supply requirement for audio amplifier

The power requirement of an audio amplifier is as follows:

Dual rail supply voltag¢V) = 1YW
Max. Current (1) = 6A
Max. Power (P) = 1152V

The detailed specification of power supply is as follows
INPUT:

AC input voltage range 90VAC to270VAC
AC input frequency 50Hz to 60Hz

OUTPUT:

Normal DC output voltge T W
Tolerance DC Voltage ¢ b
Maximum load current 6A

Maximum Output power 1152V

2.6Summay

The converter topologies caaiso be classified on the basis tiie needed power
requirements. Noisolated converters are suitable for high voltage and higiower
application because of the lackisblation between the input and output voltage. These
converters have very limited use producogy a single outpubver alimited output
range.Conversely these constraints can be removed by addition of transfoiasers

isolated convertersin the isolated converter, the flyack and forward converter are
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practicable up to 150 wattsf output power level. The limitations (output power) of
these converters are due to factawsch asutilization of the magnetic (transformer)
core and maximum voltageress across the switch during the OFF time interval. On the
other hand, puspull topology is not suitable for high input voltage application
(190VAC-230VAC) due to high voltage stress across the switchvi®) and 50%
utilization of the transformer priamy windings. The magnetic core is not utilized
completely in this type of converter because full input voltage applied across the
transformer winding is in one direction when any one swiscltonducting. These
reasons mak it better suitedfor low-voltage applications and power ratsgip to
500W. The half-bridge converter is particularly suited for high voltage application as
the maximum voltage stress of either switch is equath®input voltage and fuyl
utilizesthe transformer primary windings. this converterthe primary voltage othe
transformer is equal to half of the input voltage MKen either switch is ON which
made this converter more suitable for power lgugb to 500W Moreover,the full-
bridge converter is particularly suited forghiinput voltage application®r reasons

such as maximum voltage stress of either switch is equal to the input voltage and
utilization ofthe high frequency transformer is complete. In this convetteprimary
voltage of transformer is equal to theut voltage VIN during either switch is ON
which made this convertenore suitable for power levels exceeding 500W

The PFC topology can be selected on the basis of minimum EMI noise generated
within a converter. The passive PFC are not suitalie to lulky size of passive
components, absence of voltage regulation, expensiveawn{s and line frequency
noise On the other hand, these constraints can be removad ditive PFC converter.

In the active buck and buekoostPFC converteyinput current has discontinuity due to
switching component switches in every cycle of switching period. As a result, the high
frequency components accompanied within a converter. This reason nuadeitiable

for low noise SMPS Therefore, PFC boost comter is particularly suited folower

EMI noise converter application.
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3 CHAPTER 3 LITERATURE REVIEW

3.1Introduction

An essential requirement for electrical and electronic equipment is for the power supply
to provide a reliable and regulated outputhite load. The main issues that influence the
design phase of a power supply are the power performance requirement, weight,
reliability and cost (Brown 1994). These issues have in the most part been resolved with
the development of high voltage power tiategs, which have made it possible to
replace the linear power supply with a high switching frequency swwitmtle power
supply (SMPS).The fast power semiconductor switching devices such as power
MOSFETs or IGBTs are mostly used in SMPS and the switchiggguency extends

from tens to hundred of kilohertz. Due to the higher switching frequency used in SMPS,
the change of dv/dt and di/dt across the power switches causes significant
Electromagnetic interferenceENI) emission (Christopoulos 1992; Nagrial and
Hellany1999). It is therefore generally necessary to limit the EMI emission and
compliance with EMC standards. A number of research paf@msing et al.
1998;Shogma et al. 2003; Wang et al. 2Q01Bera et al. 1999 Britto et. al 2012
Cochrane et al. 200®mata et a).2014 Xie et al. 2015Zhou et al. 2016 Tamate et

al. 2010;Hamill and Krein 1999Wang et al. 199/have been published to discuss the
mitigation techniques of Electromagnetic Interference (EMI). In this chapter, a review
has been made on several EMI mitigation techniques proposed in the literature for
SMPS.

There are several questions to assesssrctiapter are as follows
1 Why it is important taninimisethe EMI in SMPS for audio systems?
1 What techniqueare available to redudeMl in SMPS?

1 What are the most appropriate techniques to mitigate EMI for audio

systens?

1 Are potential solutions constraindxy the need for compliance with EMI

regulatory requirements?
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3.2Electromagnetic Interference (EMI)

Electromagnetic interference is defined as an electromagnetic disturbance that degrades
or limits the performance of electronic and electrical equipmentl ¥6). The major
source of EMI emission in SMPS is due to the high switching frequency of power
MOSFETs or IGBTs. There are two types of switching techniques used in SMPS to
control the switches: hard switching and soft switching. In hard switchingitpcs,

the change of high dv/dt and di/dt is the major cause of high switching losses as well as
high EMI noise.Conversely soft switching techniques minimize the switching losses
due to the switch turn ON at zero voltage and the switch turn OFF atweemt with

the help of resonant techniqu&everal papers have been published to discuss the soft
switching technique that results in substantial minimization of switching lokses (
2016; Yazdani and Rahmani 2014bbasi et al. 2014Hua and Lee 1991l ee and

Moon 2013.

Brown (1994) classified the noise into two categories (i) radiated noise which can
be coupled between components through the surrounding air and (ii) conducted noise
which propagates through interconnecting wires and PCB tracks. Tjbe soarce of
radiated noise in SMPS is due to current flow through the conductor at high frequencies.
According to Amperebds | aw, an alternatin
generate an electromagnetic field around it and this law definegetheration of
radiated noise in a SMPS. The control section for the power switches is also a source of
radiated noise but is insignificant by comparison to the main converter section (Bausiere
et al. 1993). On the other hand, the radiated emission frencdhverter side has
enough energy to affect the proper functioning of the control section (Hellany and
Nagrial 2001). Billings (1989) proposed that proper PCB track layout and wiring
practices could improve the performance of SMPS by minimizing the pabpagof

radiated noise.

Conducted EMI noise is further divided into two stdiegories (i) common mode
interference (CM) and (ii) differential mode interference (DM). The generation and
coupling mechanisms are different for both $yes of interferenceThe common
mode interference is typically caused by parasitic couplings (such as inductive and
capacitive) occurring within the SMPS (Switolode Power Supply) and it flows
through the ground wire and retsrback via phase and neutral lines. The diffée¢n
mode interference is mainly due to the switching actiontheftransistor and flows

through the neutral line and retsrmack via phase line. Several articles have attempted
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to explain the geeration of EMI noise in different types of converf&onzdez et al.

2003) The generation of EMI (Electromagnetic Interference) noise in the-uptep
converter has been discussed by (Zhang et al. 1997; Wang et al. 2003; Crebier et al.
1999; Pengju et al. 2013i et al. 201% On the other hand, Nave (1991) anddkell

(1999) deal with buck converters, Ninomiya et al. (1987) @P@ramesh and von
Jouanne200l Makda and Nymand 20)4deal with the forward converter, and
(Ninomiya and Harada98Q Karvonen and Thiringer 2011ongtao et al. 201,2Patel

2008 dealwith offline flyback converters.

Power Converter
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Figure 21: Noise source and propagation path for converter

The EMI noise measurement, sources and propagation coupling paths are shown
in figure 21. It alsousesa LISN (Line Impedance stabilization networkjsed for
measurement of EMI noisgsing aspectrum analyser (De Beer et al. 2013). There are
two ways to mitigate EMI noise in a converggther reduction at itsource or along the
propagation pathVarious mechanisms are available to reduce rtbese at source
source However, the simplest approachtasreduce the noisglong theconductionpath
by incorporating arEMI filter. EMI noisereductiontechngues are generally classified
either asnoise source mitigation schere noise propagation mitigatioscheme. The
noise source mitigation scheme can be subdivided into different schemes as discussed in
next section. The noise propagation scheme can be also furthdivgldad on the basis
of methods used to mitigate it througlseparate circuitocatedat the frontend of a

converter or incorporated with in a converter. The former is known as external EMI
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filter. While the later one is called as an internal EMI filter. The external EMI filter can
be subdivided into active, passive and hybrid EMI filfdre internal EMI filter can be

designed in a way that noise can circulate within a converter.

3.3EMI Noise source mitigation

There are several benefits of employed noise source mitigation scheme within a
converter such as reducing size, cost and better pefare of SMPS. It minimizes

noise interference between controller and noise sensitive components that helps to avoid
malfunction of a converter. The various methods to mitigate noise at source point of a
converter areas follows proper circuit design, apppriate PCB layout, selecting
appropriate components, selecting switching frequency, switching control techniques,

switching transition modification and interleaving converter.

3.3.1 Proper circuit design

The EMI noise generation can be controlled and minimlag@dn appropriate circuit
design.lt is therefore necessary tteterminethe mechanisnof noise generation in a
circuit. The main source of CM noise generation is occurrence of parasitic capacitance
due tothe switching components heaink being attachedto ground(Sinclair et al.
1993) However, the connection efheatsink with low noisenode can mitigate EMI
noise significantly agllustratedin figure 22. However, he heatsink usuallyneeds to be
connectedo ground to fulfil safety requirememntTo solve this issue, Knurek (1988)
proposed a novel method by introducing a shielding layer between insulatone aif

sink. The heasink is attached to ground atite shielding layer is connected #&quiet
node(neutral line) Thethermal performancef the heatsink will bereduceddue tothe
shielding layer used in this scheme. In some other casespigee produced by voltage
switching can be reduced by relocating component in a circuit. The modified forward
converter with rearrangement of its compains shown in figre 23. In the modified
converter, the output filter inductor is movedthe negative rail ofthe output voltage

that provides the transition of voltage (dv/dt) across diode equal to zeacsirmlar

way, the MOSFET can be rearrangedheupper position of primary side that provides
constant voltage potential acrog®e drain of MOSFET. This requires an additional
component and complexity in a circuit to destga highside driver forthe MOSFET.
Other researchers (Sinclair et al. 1993) have proposed nsetthadinimize current

flowing in the parasitic capacitancby employing aheatsink connected to ground
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through an additional resistor. This scheme leads to dissipationtbé current inan

additional resistor ands a consequencanimized CM noise flow to ground.
CL\' p— CIN pre—
-
|q m— Choatsink |q —
g 8 > Cheatsink
shield connection

(a) (b) —g

Figure 22: Forward converter (a) connection of heatsink with ground (b) connection of heatsink
with quite node (Sinclair et al. 1993)

E:Ry ¥i 1
(b)

Figure 23: Forward converter (a) conventional method (b) modified with rearrangement of its
components(Knurek 1988)

3.3.2 Appropriate PCB Layout

A number of resealcarticles have been reported whidiscuss the EMI noise issues
related to circuit layout and design schemes (Bhargava et dl; 01 and Tse 1996;
Fluke 1991 Pahlevaninezhad et al. 2014). They have propdsspng leads of
component as small as possibbeminimize parasitic inductances of PCB. The lower
parasitic inductance ad PCB will not only help to reduce ringing of voltage across
switching devices but also results in lowering the amplitude of EMI noise. They
discussed the effect of PCB layout on EMI noise in a converter. They suggested placing
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of control circuit far away 'm noise source components would help to keep a distance
between noise source (switching devices) and noise sensitiggquartrol section) for
prevention of disturbances within a converter. They also discussed issues related to
sharing common ground idifferent parts of circuit. The noise generated due to one
circuit may be coupled to other part of circuit throlmybommon ground connection.

The singlepoint grounding connections have been proposed to avoid noise coupling in
different circuit modules oh converter. Also proper PCB design can help to reduce the
filter size for mitigation of noise up to desired ley& meet EMI standardzhaoming

et al. (2000) proposed different tools for PCB layout to minimize EMI generation in a

circuit.

3.3.3 Selectingappropriate components

As previously mentioned thmajor source for CM noise generatiorthie occurrence of
parasitic capacitance between switching components and grounde Hagasitic
capacitances arisdue tothe ground coupledheatsink attachedto the switching
devices. Knurek (1988) compared different types of insulators used fesinka. He
concluded that aluminium oxide insulators have six times less dielectric constant as
compared to commonly usedisdn rubber insulators. Also, lexperimentally proven

that conducted EMI noise can be improved up to 10dButhéncase of aluminium
oxide insulatorDiode reverse recovemurrent also affectthe EMI noise performance

of a converter. EMI noise can be redudeyg incorporatinga diode with redweed
recovery currentThe performance of different types of diode with minimum reverse
recovery current has been evaluated in boost converter (Spiazzi et al. 2003). The
experimental results proved thaing aSiC (silicon carbide) diode can help to reduce
high frequency EMI noise. A similar method has been propbgeshekhawat et al.
(2002). Theydemonstratedhat introducinga soft recovery diode ira PFC boost
convertereduces noise significantly in tihegh frequency range.

3.3.4 Selecting svitching frequency

EMI noise alsodepends on the operating switching frequency of a conveiter.
converter operating dower switching frequency has the advantage of rediidd
noise. However theoverall size ofthe converter increases due toe typical bulky

passive componentaeeded forlower frequencyoperation Rossetto et al. (2000)
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suggested tit aswitching frequency of 70kHprovides the first two harmonics below
the lower limit of frequency range for conducted EMI scan. As a result, the passive EMI
filter size can be reduced significantly. A PFC boost converter with low switching
frequency of 100 Hz was reported to minimzenducted EMI noise (Rossetto et al.
2000). In additiona first-order filter was used to meet the requirement of EMI noise
standards.

3.3.5 Switching techniques

Switching techniques play an important role on the behaviour of EMI noise. The main
purpose othe switching technique is to control the flow of power and regulated output
voltage. The most common technique used to control the switching MOSFET in a
converter is calledPulse Width modulation (PWM)Normally a constant switching
frequency is used with vied pulse width (duty cycle) to regulate the output voltage.
However, the use of constant frequenitigreases the generation of spikes and
associated harmonics. Therefore, a widely used sckamen asthe spread spectrum
techniquehasbeen implemented iIBMPS todistribute spreadEMI noise over a range

of frequencies (Fardoun and Ismail 2009; Gonzalez et al.2007). These teclhusigaes
variable switching frequency over theperational bandwidthio spread the noise.
Comparison of fixed frequency (#Hz) and variable switching frequency (3066

kHz) has been evaluated in research pdpefAlbach 1986) They concluded that
conducted EMI noise of 18dBuV has been improved by implementing frequency
modulation. A similar approach of frequency modulation has proposedby Lin and

Chen (1994 andLin (1992). Furthermore the EMI spectrum has been improvieg
approximately 10 dBu\sing afrequency modulation method aquasiresonant dalc
converter (Vilathgamuwa et al. 1999). They also propasadethod of fequency
modulation to modulate switching frequenagoundan average value set lycontrol

loop. Rossetto et al(2000), presented &PFC boost converter with modulation of
switching frequency at 100 Han this approach theswitching frequency ofthe
modulation is set ta minimum value when the value of input current is highest. This
schemewas shown toreduce EMI noiseand to minimize switching lossesA
comparison of different modulation techniques such as triangular, sinusoidal and
exponential schemes witbw and high switching frequencidsms been implaented

and presented balcells et al.(2005). They concluded that to accomplishwide

spread of he EMI noise spectrum, greaterdeviation is requiredor low switching
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frequenciescompared to high switching frequenciétwever, it was determined that
periodic modulation techniques have potential to control more precisely the spread of
EMI noise in a desired range of frequendyand when comparednon-periodic
modulation techniques. The noise at required frequencies can also be minimized with

periodic modulation techniques.

A comparison of EMI performance for different control schemas presented
by Mahdavi et al.(1996). These schemes are synchronous and asynchronous PWM,
hysteresis control with fixed and varying bamohd constant timeon methodsThey
concluded that the performance of fixed band hysteresis control is superior to other
schemes. Hoewer, the selection of control parameters has not been discussed with
respect of effectiveness of reduction of EMI noise. The chaotic operations of SMPS are
also used to spread the EMI noise emission over the range of frequencies. There are two
different nethods to implement chaotic behaviour in a conve(figa separate chaos
generator is implemented into the PWM control technique (Mukherjee et al. 2005;
Aruna and Premalatha 2011)) the chaotic operatiowith in a power converter is
designed (Li etl. 2008; Banerjee et al. 2002; Li et al. 2009). Furthermore, the chaos is
implemented in Integrated circuit (IC) of PWM control based converter (Mukherjee et
al. 2008). Different frequency modulation schemes have been propdbediterature
to minimize EMI noiseknown asthe frequency hopping scheme (Stone and Chambers
1995), sigma delta modulation (Paramesh and Jouanne 20€figguency scheme
(Zhang et al. 1994), and multtep optimal converter (Quevedo and Goodwin 2004).
These schemes have beemplemented and experimentally proved that the level of

conducted EMI noise is improvédxy up to 10 dBuV.

A novel method of frequency modulation has been analysed and propdbed in
literature known as random carreequency (RCF) (Tse et &000). In this scheme,
the duty cycle is kept constant while the switching frequency is varied randomly. The
comparison of standard and RCF modulation method is also presented with respect of
spreading the EMI spectrum (Lin and Chen 1994). It has beemgm@xperimentally
that RCF modulatioms more effective in spreading the noise over a spectrum of EMI
frequency. Mihalic and Kos (2006) proposed another scheme to spread the EMI noise
over range of frequencies known as Random PWM (RPWM). In this schame, t
frequency othe switching device isnaintained constanthile the pulse width is varied
randomly but the average of pulse width is set to the desired duty cycle required for
regulation of output voltage. It has also been proved that the noise spattionwer
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frequency range remains constanttie RPWM technique (Nave 1989). This would
result into the limitation of effectiveness in this scheme that it is only suitable for high

frequency noise improvement.

3.3.6 Switching transition modifications

Voltage ancturrent transition (dv/dt & di/dt) ia major cause of EMI noise generation
in SMPS. EMI noise can be minimized byptimising the waveforms othe voltage
acrossandor currentthroughswitching devices. There are different techniques applied
to shape thevaveform of switching devicesuchas gatedrive modification, snubber,

clamp circuits and sefwitching techniques.

3.3.7 Gate-drive modification

The slope of dv/dt and di/dt has an effect on conducted EMI nloiseer transition

ratesof voltage and current waveforms result in minimizing EMI nokdewever, his
scheme onlyreduceshigh frequencynoise contentind low frequencynoise content
remainsunchangedqNave 1989). A simple approach has been implemented to decrease
the slope oftransition by increasing gate resistanceaawitching MOSFET (Rashid

2007; Rossetto et al. 2000). As a result, the switching losses would be increased in this
scheme. Another method of controlling the voltage and current slopes separately for
switching eevices has been implementeditoit EMI noise (Consoli et al. 1996).

3.3.8 Snubbers

Snubbers are commonly used to damphe oscillation of voltage spikes across
switching devices. It also helps teoften the switching transition This can be
considered as fmrm of low-pass filter as it eliminates the high frequency contetthef
switching period hittington et al. 1997 However, it increases power losses in a
circuit and reducgthe efficiency of converter. Therefore, these snubber circuits are not
suitable for higher power convertedue to increasedomplexity, cost and size.olw

power dissipation snubbers with additional components have been propo#es in
literature (Jinno et al. 2009). On the other hand, conduction losses and conddtted E
noise inceases due to an additional component (Fujiwara and Nomura 1999). Snubbers

can be implemented with active and passive components leading to classification of
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active and passive circuits. Theage additional voltage and current stresses present in
losskesspassive snubbarircuits. In forward converteythe lossless active snubber has
beenimprovedby an addition of amnductor, capacitor and dies (Jinno et al. 2009).

Also the forward converter, a novel scheme has been introduced knowtheas
regenerativesnubber. In this techniquea regenerative circuit is used to reset
transformer windings with the help of snubber circuits as shown iarefi@4
(Abramovitz et al. 2010). There are also other benefits of tlwsséebs snubbers such

as reducedvoltage spkes of dv/dt, achievingZero Voltage Switching 4VS) for
switching devices and transferrimgcoveed energy back tdhe source and load. In
addition, more components are required to design regenerative snubbers and extra

windings produceroltage spikes acrosediodes.

Figure 24: A typical energy regenerative snubber (Abramovitz et al. 2010)

3.3.9 Clamp circuits

Active clamp circuits are also used for mitigation of voltage ringing across switching
devices (Lee eal. 2006; Mao et al. 2005Mao et al.(2005), describe a halbridge
converter employin@n active clamp snubber circuiiowever, ina conventional hat
bridge converter, the MOSFET body diode reverse recovery current produces an EMI
noise at higher frequencies due to oscillagian turn OFF time. The proposed active

clamp in figure 25 makesstops diodeonducton which reduces conducted EMI noise.

Moreover, the leakage inductancetbé transformed stored energys transferred to
the snubber capacitduring offtime, which eliminates ringing.
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Figure 25: Active clamp for half bridge converter (Mao et al. 2005)

3.3.10 Soft-switching technique
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Figure 26: Hard Switching waveforms
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Figure 27: Soft Switchingwaveforms

There are two types of switching techniques used in SMPS to control the switches: hard
switching and soft switching. In hard switching techniques (as shown in figure 26), the
change of high dv/dt and di/dt is the major cause of high switching losseslaaswel
high EMI noise. Conversely, soft switching techniques minimize the switching losses
due to the switch turn ON at zero voltage and the switch turn OFF at zero current with
the help of resonant techniques (as shown in figure 27).

Soft-switching techniges can also reduce dv/dt and di/dt in ordereduceEMI noise
(Chung et al. 1998; Yoshida et al.2003; Yazdani and Farzanehfard 2012; Zhaoming et
al. 2000). A review of different soft switching techniques have been presentied in
literature (Ching and Kan 2008). The comparisons of soft and hard switching
techniques hze also been presented@hung et al(1998). These switching techniques
have been applied to buck, boost and flyback conwegtgrerimentally and the results
havedemonstrated significameduction of EMI noiseBerg and Ferreira (1998) showed
experimentally that EMI noise can be improvadup to 10 dBuV for thease ofthe
PFC boost converteHowever, Zhang et al. (199@yguesthat the noise spectrum of
soft switching PFQloes noshow the same level of improvemerstthe hard switching
PFC for the same power rating. This is attributedextra noisearising from the
auxiliary switch used in thsoft switching techniquekurthermore the layout ofthe
auxiliary component can also faft conducted EMI noise irthe softswitched
converter. Caldeira et g11993) presena comprison of conducted EMI noise lard
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and softswitching convertedesigns. They concludeat properly considered snubbers
for hardswitched convertercan impree the spectrum of EMI noise to a levamilar

to that of the resonant converter. Aoptimization process fothe quastresonant
converter has been proposed and analysed Joghi and Agarwal(1997). This
optimization process improves the spectrum of cotetl EMI noise by damping the
voltage and current spikes.

3.3.11 Interleaving

Interleaving is another method teduceEMI noisein SMPS (Zhanget al. 2013; Spano

et al. 2014) whichs best suited fohigh power converters. In this approach, parallel
switching devices are connected in a way tin@switching frequency remains constant
and switching timesresequence by phase shifting (Smolenski et al. 2014)Wang

et al. (2007 andYang et al.(2010), the interleaved converter have been proposed and
analysed. They proved experimentally that line ripple current can be mininaizeéd
conducted EMI noise reduced the interleaved converteifhe approach also helps to
reduce the size dhe magnetic component needed fidtering (Zumel et al. 2009;
Barbosa R02). It also reduces the ripple measured at dbgut capacitorreduces
componentstress, and increaseconverter reliability (Jang and Jovanovic 2007,
Sudhakarababu and Veerachary 2005). The overall costs of these cord@etersot
increase considdoly as they requirdower rating current devices due to shariafy
current inthe interleaved components (Veerachary et al. 2003). The main drawbacks of

these converters are larger sinel @xtra components required in thesign.

3.4Techniques to reduceEMI Noise propagation

Conducted EMI noise mitigation appliedong propagation pastcan bedivided into
internal and external noise reduction techniquédse EMI filter section can also be
subdivided into 6internal E Mdliscussed in the 6 a

following section.

3.4.1 Internal EMI filter

The EMI noise in a SMPS can be minimized through use of an internal EMI filter with
the help of providing noise current circulation paths within the converter itself. Several

technigues have beengposed irthe literature to circulate the noise current internally.
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These can be classified into parasitic cancellation, compensation circuitthend

balance approach.

3.4.1.1 Parasitic cancellation

Parasitic compnents play an important role in providing a doction path for CM

noise within a converter. Thus tleancellation of parasitic elements would help to
significantly reduceEMI noise ina SMPS. The main cause of parasitic elementkas
presence of noideal behaviour ofpassive and active components different
frequency bandsAn additional circuit is added to introduce a negative capacitance for
cancellation of parasitic capacitance (Wang and Lee 2007). As a result, EMI noise is
reduced significantlgnhancing convertgrerformance. Knurek (1988)sal presented a
method to reduce EMI emission by controlling the parasitic capacitance (primarily the
heat sink and transformer winding capacitance) in SMPS. He presented several methods
to control the parasitic capacitance associated with the heat sohkding use of a
shielded insulator for the heat sink, moving the output filter chokleetmegative lead

and by addition of asnubber circuit.He showedexperimentallythat a significant
reduction of EMlIis possible through control gfarasitic capacitare. Mee and Teune
(2002) concluded that there are several methods to improve the EMC performance of
SMPS such asminimizing loop areas in the layout, reducing the parasitic inductance
and capacitanceynd thatinput and output filters must havike low Equivalent Series
ResistancESR). Other resear@rs havealso proposed téniques to mitigate EMI

noise through parasitic cancellation (Wang and Lee 2010; Wang et al. 2010; Fu et al.
2013).

3.4.1.2 Compensation circuits

Compensation methods are also an effectiay to mitigate EMI noise within a
converter. These are usually used to mitigate CM noise by minimizing earth leakage
current (Ogasawara and Akagi 1996; Julian et al. 1996). Normally, an additional circuit

is added to generatecompensation voltage of eal magnitude and out of phas&h
theoriginal noise. These schemes can be divided into two categasss/e and active
technigues Passive compensation techniques are easier to design and also cheaper as
compared to active cancellation schemes. Orother hand, active solutionseamore

flexible to implementOgasawara and Akagi996, Xin et al. (1999 andXin et al.

(2000) proposed passive compensation schemes for minimizing cdrrerto earth
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leakage. Active compensation networks have lpgeposed for mitigation of CM noise

in different converters (Ogasawara et &889; Zhang et al. 2007). IZhang et al.
(2007), digital active cancellation can be implemented by DSP to sense CM noise and
mitigate it through generating compensation noideesé active schemes are effective

in mitigatingEMI noisefor switching frequencies up tt® MHz.

Buck convertehave been analysed with this technique and the simulation results

shownthat ripple current is substantially reduced in these convertersr(&ah 1997).

3.4.1.3 Balance Approach

Balance technique is the combination of parasitic cancellation and compensation
network to confine CM noise within a converter. In this approach, the concept is to
balance the impedances of noise source for mitigation Mf @ise. This scheme
proposes a simple and compact converter design as there is no need of external filter for
noise reduction. A novel technique known as balanced switching conversion has been
proposed in the literature to reduce the common mode condabtedoise (Shoyama

et al. 2003; Wang and Lee 2007). The main reason for common mode EMI noise in a
conventional unbalanced converter is to rapidly change the drain voltage which affects
the current flow through parasitic capacitance between drain/aolleftan active

switch and the converter ground rail. In order to solve this problem, Shoyama et al.

(2003 modified the conventional converter as shown inr&f8.
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Figure 28: Balanced Boost Conveter (Shoyama et al. 2008

In the balanced converter, the winding of an inductor is divided equally into two parts,
as a result the drain and source voltages of MOSFET change complementarily. Also
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CM current is confined within the converter and CM noise is considerably reduced
overdl. Wang et al. (2007) have analysed the EMI performance of the boost converter
model. They proposed the general balance technigue to minimize the camuden

noise. In this technique, two methods were introduced:
Reduction of CM noise due to the abrupt bange of MOSFET source voltage:

In this method, the boost inductor is split into two parts to balance the parasitic
capacitance of source/drain with the ground. As a result, the CM noise is relatively

reduced compared to the unbalanced converter.
Reduction of CM noise due to output capacitor voltage:

There are two possible methods to mitigate the CM noise due to output capacitor

voltage.
1 Reduce the parasitic capacitance between the load and ground

1 Reduce the ESL (Equivalent series inductor) and ESR (Blguit series

resistor) of output capacitors.

Several other techniques have been proposed in the literature to reduce EMI noise
internally and to enhance the efficiency of SMPS (Knurek 1988; Mee and Teune 2002;
Beraet al. 1999).

3.4.2 External EMI filter

The priciple approach to reduce the noise is to incorporate EMI low pass filters. The
EMI filters are classified as passive, active or hybrid types depending on the technique
employed. Passive filters use only passive components and are normally bulky. On the
other hand, active filters use active electronic circuits and are normally not bulky as
compared to passive filte(slamza and Mei 2013)0ften passive and active filters are
combined to form hybrid EMI filters (Biela et al. 2Q08li et al. 2013. Both types are
discussed in the following sections.

3.4.2.1 Passive EMI filter

Passive EMI filter is commonly used for mitigation of EMI noise in SMRSwumber
of research articles have been proposed technique for designing EMIR#étgg! et al.
2010; Hsieh et al. 200&otny et al. 2014Makda and Nymand 20)4Converselythe
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design of such a filter is challenging in power electronics because the noise sources and
load impedances are not constant for this filter (Nave 1991). The filter topology

commonly used asassve filter is shown in figire 29.
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Figure 29: (a) EMI Passive filter (b) Commonmode filter (c) Differential-mode filter (Nave 1991)

It is noticed from figure29 that some elements of the filter affect common mode
(CM) or differential mode (DM) noise only and some affect both CM and DM noise. A
common mode choke (Lc) affects CM noise only but the leakage inductance Lm
between the two windings affects the DM noiSée X-capacitors affect only DM
noise. While the Ycapacitor suppresses both the DM noise and CM noise, practically
the large value of >apacitor minimizes the effect of-dapacitor on DM noise.
Similarly, Ld suppresses both CM noise and DM noise, malbtithe large value of Lc
minimizes the effect of Ld on CM noise.

Typically, these filters act aslow pass filter. In order to design a suitable passive filter,

it is important to discern between Dibiseand CMnoise(Adirci et al. 2005) Guo et

al. (2002 , Musznicki et al. 200&nd Caponet et al. (2001) have demonstratedise
separator tasolate DM noise and CM noise. They proved that in order to deaign
effective EMI filter it is important to minimize the dominant component of the
conducted aise. The next step is to measure the impedances of noise source for both
DM and CM noises.

There are several methods discussed in the literature to measure the impedances
of noise source for commeanode and differentiamode noise, such as, the resonance

method, the insertion loss method and the two probe method. In the resonance method,
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the input of the SMPS has been terminated with the opposite reactive component
compared to noise source reactance (Nave 1991). The right choice of the values of the
compament is found empirically In this method, the parasitic effects of reactive
components become significant due to the circuit operating at high frequency and the
circuit topology to measure the noise source impedance is not valid. On the other hand,
the irsertion loss method also requires some prior conditions to be fulfilled in order to
measure the noise source impedance (Zhang et al. 2000). These conditions (depending
on the value of inserted component) are that the inserted component impedance must be
significantly smaller or larger than the noise source impedance. A novel method known
as the two probe approach to measure the noise source impedance of SMPS has been
developed in order to overcome the problem faced by previous (See and Deng 2004;
Tarateerasth et al. 2010). In this method (two probe method), noise source impedance
can be measured by using a signal generator, spectrum analyser, some coupling
capacitors, injecting current probe and receiving current probe. First the impedances of
noise sourceare measured then the filter component parameters can be designed
according to impedanemismatch criteria (Nave 1991). To further improve the
performance of the EMI filter, Ye et al. (2004) suggested maximum and minimum
values of impedancegquired in tle designof a passsiveEMI filter. They designedn

EMI filter for SMPS and also presented the experimental results to demonstrate that this

method is an effective and simple way to desigill filter.

Passive EMI filters have components, such as, dgapa@nd inductors. These are
not ideal components and the performances of these components depend on self
paasitic and parasitic coupling betweeomponents. Equivalent series inductance
(ESL) for capacitors and equivalent parallel capacitance (EP@)duactors are a very
important factor for their performances. The performances of passive EMI filters have
been affected by parasitic components at high frequencies. Neugebauer and Perreault
(2006) have proposed a novel method (using an extra transfandea capacitor) to
cancel the effect of parasitic capacitance of the filter inductor at high frequency and to
improve high frequency performance. Wang (2005) and Wang et al. (2006) preposed
method to cancel the effect of equivalent series resistande) &%®| equivalent series
inductance (ESL) of the capacitors. They arranged the capacitors in a network with
extra inductors and resistors. As a result, the network acta filter in whichthe
capacitor behaves without parasitic equivalent series rests{@SR) and equivalent
series inductance (ESL) improving the filter performance. Leakage inductance of
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coupled inductors has also been used to cancel the effect of equivalent series inductance
(ESL) of a capacitor in a filter (Pierquet et al. 200Bpnvasely, Wang et al. (2008)
integrated different parasitic cancellation techniques into one EMI filter to suppress the
effect of components parasitics on EMI filter performance. They proved experimentally
that the performance of both DMoise and CM noise filters were improved by
integrating the parasitic cancellation technique.

The wide ranging variation in source and load impedances also affects the
performance ofan EMI filter and these filters are essentially ndissipative. Several
methods have beeproposed to design the filter which can dissipate the unwanted
signal (Ozenbaugh and Pullen 2011; Broyd e 1988). But these filters have high power

losses and are expensive compared to admsipative filter (passive EMI filter).

3.4.2.2 Active EMI Filter

Active filters use active electronic components and are a possible alternative to bulky
passive filters. AEF can be classified into two types, depending on the detection of
disturbances at the source and/or at the receiver, such afafdednd feedorward
type. In feeeback AEF, the disturbance is sensed at the receiver and uses a control loop
(feedback) to diminish the conducted EMI noise. On the other handideeard AEF,
the disturbance is detected at the source and the noise is compensatexiting ian

opposite polarity of equal amount of noise to reduce the noise level.
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Figure 30: Feedback Active EMI Filters. (a) Current -sense voltage compensation (b) Current
sense current compensation(c) Voltageense current compensation (d) Voltagsensevoltage
compensation (LaWhite and Schlecht 1986; Poon et al. 2000)
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Figure 31 Feedforward Active EMI Filters.(a) Current -sense current compensation (b) Voltage
sense voltage compensatidiiNasiri 2005)

Feedback AEF can be configured into faapologes as shown in figure 30
depending on the basis of how the noise is detected and compensated. The noise can be
sensed either by voltage or current across the inductor, similarly the compensation
through the injection of either a shunt current or ser@tage (LaWhite and Schlecht
1986; Poon et al. 2000). According to this compensation method, the AEF can be
classified into two types such as senedtage compensation and shaofrrent
compensation. The series path effective impedance is increasedribyvskage
compensation while the shunt path effective impedance is decreased bgigihemt
compensation. Feddrward AEF can be configured into twopologies as shown in
figure 30 dependent on the basis of compensation and noise sensed. In general,
feedback and feefbrward AEFs can be applied for mitigation of both CM and DM

conducted EMI noise.

Integration of both feedback and fekuward AEF techniques have been
presented in order to achieve the desired noise attenuation and to lessen the total
dimension of the filter compared to passive EMI filter(Chow and Perreault 2003;Nasiri
2005). Hamill (1996) has also proposed the arrangement of bottbdekdand feed
forward active EMI filter to mitigate the noise to the desired level, easily. He $@as al

explained the details of the components used to design for the active EMI filter.

Hybrid EMI filtering is formed by the combination of passive and active EMI
filters (Biela 2009). It can also improve the overall performance of noise reduction. In a
hybrid EMI filter, the noise level is first reduced by a passive filter to the level that can
be handled by the active EMI filteMoreover,Ali et al. (2014) have proposed/brid
EMI filtering with the help of integrated PCB active filtering and passive tiiting.
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It have been proved experimentally that EMI noise is reduce significantly at low and

high frequency and also overall size has been reduced.

3.5Summary

Electromagnetic Interferenc&NIl) can easily couple into the audio power amplifier
supply railand is manifest as harmonic distortion in the audio output thereby reducing
reproduction fidelity. The principle approach to reducing noise is to incorporate active
or passive (external) EMI filters. Also the other technique known as internal EMI filter
is used to mitigate the noise internally and effectively reduce the size of filterldwtra
noise SMPS designs are possible for audio system as dynamic signal transient are not an
issue in this case. To cope with these requirements, the principal aims oésearch
project is to develop and characterise novel low noise switch mode power supplies for
audio power output products. However, the internal EMI filtsrsnvestigated to
mitigate the EMI noise internally in SMPS. Further investigate the noekhigue of
internal EMI filterto cope withthe converterto mitigate noise internallyAlso external

EMI filter is incorporate in order to compliance with EMI regulatory requirements.
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4 CHAPTER 4 NOVEL SMPS DESIGN AND
CHARACTERIZATION

4 .1Introduction

In this chapter, a novel balancing technique for PFC boost, flyback andrifidie
converterhas been proposed in order to mitiga&lt® noise internally. In addan,
different prototypes of SMPS have been discussed and evaluated. Moreover, the

experimental setup used to analyse SMPS fdicaamplifier has been presented.

4.2PFC Boost Converter

In Switched Mode Power Supplies (SMPS), Power Factor Correction (PF&St Bo
converters are often used to achieve an improved power factor rating. The main cause of
Common mode (CM) noise generation of a boost converter is discussed in the following
section. To analyse and develop a reliable CM noise model of a convertegcessary

to obtain a detailed understanding of the noise generation mechanism.

4.2.1 CM noise generation and coupling path

Normally heat sinks are attached to switching devices to protect these devices from
thermal runway. These heat sinks are mostly conndctegarth through insulating
material for safety reasons. As a result, a small parasitic capacitance is typically
introduced between the hesibk and case of the MOSFET. Futhermore, dielectric
behaviour is added into the circuit due to the insulating ma&taesed for electrical
isolation between the hesink and ground. Although the parasitic capacitances are
usually in the picdarad range the high voltage transition (dv/dt) due to switching
action causes substantial current flow through these capastamcreasing the CM
noise. Thereforehese parasitic capacitanaannot simply ignorsvith in a converter.

The parasitic capacitance between MOSFET drain and ground is denoted by Cg. While
the parasitic capacitance between diode cathode and groupdasarted by Cd.
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Figure 32 Switching transition of MOSFET

In figure 32, during switching transition from turn ON to OFF, the potential at node Q
(as shown in figre 33) changes from low to high. As a result, the parasitic capacitance

is charging due to current flowing through it. Similarly, during switching transition
from turn OFF to ON, the potential at node Q changes friginto low. That results in

a discharging auent flow out of the parasitic capacitance. Therefore, the above
mentioned current of parasitic capacitance follows the path through these capacitances

to ground and returns back via live and neutral lines.

4.2.2 CM noise model of a converter

Consider a bood$PFC converter as shown figure 33. The equivalent circuit of Line
impedance stabalization network (LISN) is also indicated witbburedsolid line. It

is normally used to stabilize input impedance for measurement of conducted EMI noise.
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Figure 33 PFC Boost Converter
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The parasitic model of high frequency components within a boost converter that affect
voltage and current ia circuit is shown irfigure 3. In a CM noise model of a boost
converter, LISN inductors and capacitors are ignored andtoesiof 50 Ohm are
denoted with R1 and R2. Moreover, for simplicity of the model;Httige diodes are
replaced by a short circuit. However, a high frequency inductor model is indicated by
EPC (equivalent parallel capacitance) and EPR (equivalent gdaredlistance). EPC
denotes the capacitance of winding occurring within a boost inductor and EPR
represents the winding losses in the inductor. The input and output capacitors include
ESR (equivalent series resistance) and ESL (equivalent series inducta8ge and

ESL indicate the existence of resistance and inductance in capacitor plates and leads.
The output diode includes the junction capacitance parallel to diode represented with Cj.

The node Q and D represent the parasitic capacitance of MOSFET iadel d

respectively.
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Figure 34: CM noise model of PFC Boost Converter

4.2.3 CM noise flow in PFC boost converter

During MOSFET turn ON

Consider the case, when bridge diodes D1 and D4 are conducting in a boost
converter(figure 395. The voltage at point Q reaches to zero and D5 become reverse
biased during the MOSFET turn ON period. The parasitic capacitance of MOSFET Cq
discharge through D1 and D4 to LISN resistors R1 and R2 respectively. However, the

parasitic capacitance of diod&d also follows the same path by passing through load
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capacitor. Moreover, the CM noise propagation path during MOSFET turn ON is shown

in figure 35.
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Figure 35: CM noise flow during MOSFET turn ON

During MOSFET turn OFF

The CM noise propagation patluring MOSFET turn OFF is shown in fige 36. The
voltage at point Q reaches to Vo and D5 becomes conducting during the switch off
period. Therefore, the parasitic capacitance of MOSFET Cq charges up and CM noise
flows to ground returning through LISN rs&rs R1 and R2. However, the parasitic
capacitance of diode Cd also charges up and CM noise flows to ground and returns

through LISN.
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Figure 36: CM noise flow during MOSFET turn OFF
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In a boost converter, the switching MOSFET and diode are the dorrcomponents
contributing to CM noise. Therefore, a simplified CM noise model that focuses on these
components can be used to evaluate converter noise genekdtisgover,the input
MOSFET can be changéy an equivalent source of voltage that has exasdjyal
magnitude of voltage as compared to the voltage across the MOSFET as shown in

figure 37.
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Figure 37: Modified CM noise model of PFC Boost Converter

4.2.4 Simplified CM noise flow in PFC boost converter

During MOSFET turn ON

Simplified model of PFC boostonverter is shown in figre 38. The conducting bridge

diodes are representing with short circuit in high frequency simplified model. The

i mpedance of capacitor Xc=1/ (~¥L) i's very
circuit for high frequency currentTherefore, input and output capacitors can be
replaced by a short circuit. The CM noise current can discharge parasitic capacitance of

the MOSFET/diode pair through LISN resistors and return back through ground.
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Figure 38: Simplified CM noise flow during MOSFET turn ON

During MOSFET turn OFF

The simplified model of PFC boost converter is shown iar8@9. Similarly, the input
and output capacitors act as a short circuit for high frequency model on noise. CM noise
current can flow to ground througlanasitic capacitance of MOSFET/diode and return

through LISN resistors.

Figure 39: Simplified CM noise flow during MOSFET turn OFF

4.2.5 Proposed Balance Technique

CM noise is predominantly generated due to an imbalance of source and load
impedances within a converter. It mainly arises as a result of switching transition of the

MOSFET and parasitic capacitances Cq and Cd present in a circuit. Therefore, CM
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