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Theimpending trends in the global demand of melectricaircrafts with higher
efficiency, high power density, and high degree of compactness has opened up
numerous opportunities in front of avionic industries to develop innovative power
electronic interfaces. Traditionally, passive didmtelge based transformer rectifier
units (TRU) have been used to generate a DC voltage supply from variable frequency
and variable voltage AC power out of the turbo generators. These topologies suffer
from bulky and heavy lovirequency transformer size, lack of EM@k voltage
regulation flexibility, high degree of harmonic contents in the input currents, and
additional cooling arrangement requirements. This PhD research proposes an
alternative approach teplace TRUs by actively controlled Regulated Transformer
Rectifier Units (RTRUs) employing the advantages of emerging wide band gap (WBG)
semiconductor technology. The proposed RTRU utilizing Silicon Carbide (SiC) power
devices iscomposedof a threephase active boost power factor correction (PFC)
rectifier followed by an isolated phashifted full bridge (PSFB) DC converter.
Various innovative control algorithms for widange input frequency operation, uitra

compact EMI filter design methodology,(Dlink capacitor reduction approach and



novel stadup schemesareproposed in order to improve power quality and transient
dynamics and to enhance power density of the integrated converter system.
Furthermore, a variable switching frequenaynitol algorthm of PSFB DEDC
converter has been proposed for tracking maximum conversion efficiency at all feasible
operating conditiongn addition,an innovative methodology engaging midtjective
optimization for designing electromagnetic interferenceENII) filter stage with
minimized volume subjected to the reactive power constraints is analyzed and validated
experimentally

For proofof-concept verifications, three different conversion stages i.e. EMI filter,
threephase boost PFC and PSFB converter are ithdiaiy developed and testedth
upto 6kW (continuous) / 10kW (peak) powmting, which can interfaca variable
inputvoltage (190¥240V AC RMS) variable frequency (360H800Hz) thregphase
AC excitation source, emulating the airplane turbo geneaatbprovide an AC RMS
voltage of 190V to 260VAccording to the experimental measurements, total harmonic
distortion (THD) as low as 4.3% and an output voltage ripple of 1% are achieved at
rated output power. Theroposed SiC baseRITRU prototype is ~8% me efficient

and ~50% lighter than statd-the artTRU technologies.
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Chaptlkemtdoducti on

1.1More Electric Aircrafts

Relentless increase in air traffic poses the question of how to achieve better fuel
efficiency while minimizing environmental damage, and especially in aefifielent
manner.Advances in Power Electronics are enabling companies, like Boeing for
example, to replace pneumatic systems, vital for #ighith electrical systems. As has
been the case with the 78¥dels Boeing is hoping to achieve fuel savings of about
3%, and ettactas muchas 35% lgso wer fr om t hel]ldhevadousaf t 6 s
types of power utilized in an aircrafn be categorized into electrical, mechanical,
pneumatic and hydraulic power. The distribution and utilization of electrical power is
highly dependent on the power generation and distribution architecture inside the
airplane. The Boeing 777 ekeical systemshown inFig.11,i s Acompri sed
independent el ectrical pflystemso the main
The main system -drivenontegraes drifiet generattarbg i n e

generatorsa generator driven by the auxiliary power unit (APU), three generator

er

of

a

control wunits, andThaspdxifications ofthe power gemetatiom | u n i t

of the 777 are-phase 115V RMS AC output from a constant speed turbo generator.

Two of the engines running at regular speed combine to form an ahgmee

which is also called flont &gupaltrbatve dere ve gen:

is an auxiliary generator, which also works at constant speed. Every generator located
in the main system can be used by one or both main buses and the load circulated from

left to right.
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Fig.11. Electrical power generation and distribution architecture inside Boeing 777

(APU: Auxiliary power unit, TBB:Terminal bus barySCF: variable speed constant
frequency, IDG: Integrated drive generator, CCB: Centralized cincai@tker)

On the other hand, the Boeing 787 electrical systieovn inFig. 1.2hasa hybrid
voltage design. The syst,svoperesgineandrtpopersed of
APU-oper ati ng &t Thev8ltage dusp@frorh all theurbo generators
vary in a wide range of frequencies depending on the generatoraghktdrent flight
conditions. This enables elimination of requirement of geada®ed heavy VSCF
generator unlike Boein@77 utilizing fixed frequency generatoisdditionally, ground
power receptacles are included in the sys:

ground without #28l.e use of the APUO |



Auxiliary  Pri. Ext.

Left-Engine  Gen. Power Right Engine
=0 Gy Yo
Lehf/lthSBVAC T I T T | T T  |Right235VAC

ain Bus . i
\Variable Variable— M0 BUS
frequenc
Left TBB frequency o dtor | oHENCY ight TBB
VSCF converter
> Passive
rectifiers
| DCoutput: 28V |
¥ ¥
Battery DC
chargers Loads

Fig. 12. Electrical power generation and distribution architecture inside Bo&ing 7
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be operated at a variable frequeri8g0 to 800 Hz) proportional to the engine speed

[4]. With the new 787 ndleedarchitectureswhich moves away from the previous

pneumatic school of thought, to the electrical, Boeingiming to achieve the

following:

x All the APU components that wergically associated with the pneumatic power

delivery in Boeing 777 are eliminated i.e. nowyreh electrical components

x Highly efficient engine cycles

x Higher efficiency in secondary power extraction, power transfer and energy usage

x Also, as a note of terest, the remote power distribution units (RPDUS) are

designed based on solid state power controllers (SSPCG)787Bnstead of the

traditional thermal circuit breakers and relays, prevalent in the architecture of the

B-777.
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Finally, as a summary, tHeoeing 787 Dreamliner relies much more heavily on
electricity, than any other Boeing airplane. In order to use more electricity than any
otherairplane t he 787 must al s ol 1 megdwattseor fdumor e el
times as much as other Boeing &mes4]. Themore electric aircraftMJEA) concept
in general calls for a reduction in size and weight in order to reduce theftakeight

of the aircraft which finally results in cost reduction due to redfiweldconsumption.

1.1.1 Transformer Rectifier Unit

Traditionally, passive diodbridge based transformer rectifier units (TRU) have
been used to generate a DC voltage supply from variable frequency and variable
voltage AC power out of the generators. A converaioTRU consists of a three
winding transformer with its primary winding connected to the input AC voltage of the
onboard generator of the plane and its secondary and tertiary wicdmgscted to the
output DCIink [5-6]. The topology presented ii][ shown inFig. 13(a) contains a
transformer, in which all the windings are wgennected.In this approach, the
secondary and tertiaryimdings are connected to two thyglease dioddridges, which
are connected in parallel through a swit€he rectified DC outputorresponding to
the secondary windingas higher amplitudthan the rectifiedC voltage level from
tertiary winding. Oncé¢he control switch is ON, the TRU output comes from secondary
side windingVr1, and tertiary bridge rectifier diodes remain reverse biased and turned
off. TRU output comes from tertiary bridge rectifirz, one the control switch is
OFF. Thereforethe average output voltage from TRU becomeg:éi{d-d)Vr2, where

6do6é i s t h e Thistbpplogy iaténdsao poofide 8n average owpliage

of 28V through averaging the two DC outpuk [
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Another TRU configuration includes a thregnding transformer with its primary
wye-wound winding connected to the AC input power, and both -aaiand
secondary/tertiary windings connected to two tipbase dioddridge recfiiers,
which are connected to an output filter through a synchronous rectification switching
circuit [6], shown in Fig.1.3(b). The topology proposed in [7] acts asl2-pulse
rectifier using phasshifted transfaners.Both of the above mentioned topologiés [

6] use low frequency transformers with multiple windings, which make the system
bulky, heavy andlegradethe efficiency. Anther issue with these topologies is the
presence of the 5th and higher order harmonics in the input current waveform, which
increases the total harmonic distortion (THD), and in turn causes harmonic losses. High
switching frequency operation will causersifgcant core losses in thieansformer and
degrade the efficiency. In addition, it is very difficult to tightly regulate the output DC
link voltage using diode bridges and without oversizing theliDKCfilter capacitor.
Another TRU configuration, showm iFig. 1.3(c) [7] consists of three singlghase
diodebridge converters, each followed by an individual sifilase boost DOC
converter, with their outputs connected in paralel. additional stepdown DOC
converter is required for output voltage regulation at the desired vol@ggeging

more devices and capacitors in this topology increases the weight and size of the
converter and utilization of froreand diode bdge rectifiers decreases the total
conversion efficiency.

In order to improve the output voltage ripple and smoothen the input AC current,
12 or 18pulse rectifier systen(shown in Fig. 13(d)) are used in most of thiaditional

airplane power systemissted in Table 1.1



Table 1.1. Commercially available TRUs stateof-the-art technologies

Manufacturer | Power Volume | Weight | Efficiency { Power Input Input voltage
(Part number) | (kW) (inch®) i (Ibs.) factor | frequency
Avionic 4.2kwW 222 11 85% 0.95 340 108118 VAC,
Instruments 600Hz 3-phase
TRU420061B-
1883
Avionic 5.6kW 621 22 85% 0.97 | 380 108118 VAC,
Instruments 420Hz 3-phase
RTR56001A-
2014
Avionic 8.4kwW | 494 24.25 | 86% 0.95 | 380 190210 VAC,
Instruments 420Hz 3-phase
TRU840061A-
1009
Crane (81107) { 5.6kwW 455 15.6 86% 0.96 324 115VAC, 3
600Hz phase
Crane (81083) | 7kwW 723 18.5 85% 0.95 | 400Hz 115VAC, 3
phase
Linefrequency secondary
transformer Duty: d
g A §1 Switch | |
5 . control | [ Opto-
? v isolator
@) l,-/d)
LYY Y\
é tertiary ‘S AT | Vier M
s —
c?; Cim Load

Fig. 13 (a) Transformer rectifier unit structure proposedsh [
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One of the conventional approadto operatea6 6 k 6 pul se recti fier
provide a suitablspatialphase displacement between the primary side and secondary
side transformer windingsFig. 13(d) shows an eighteguulse rectifier using a
transformer with a delta primary and three phas& déplaced wye secondary
windingsAny o6kod pul se rectifier system wil./l h a
w h e rq@e tudsb generator outplitr equency and Avionidosystesns any i nt
havevery stringent limits for 1 and 13" grid harmonics mplitude according to DO
160F avionics standard, which cannot be fulfilled withplise frontend rectifier
systemsin the eighteefpulse system shown in Fig.3{d), the input current will have
theoretical harmonic components at the following multippésthe fundamental
frequency: 17, 19, 35, 37, 53, 55, eRince the magnitude of each harmonic is
proportional to the reciprocal of the harmonic number, the eigitelse system has a
lower theoretical harmonic current distortitivan twelvepulse rectifer systemAlso,
it is important to mention that any 066k~& p.
frequency transformer$hereforealthoughl8 or higher pulse rectifier systems are the
feasible choicefor TRUSs, thereis greatpotentialin replacingthemby active rectifier
systems due to the higher volumes and weighteming from linefrequency
transformes in passive TRUs

Furthermore, relatively larger differential mode capacitors5gB) are required in
order to comply with EMI standasdwhich in turn draw high amounbf reactive
power[11]. To compensate for this reactive power, huge inductancesl&rhél) need
to be placed in parallel to the filter capacitors, which again make the system heavier.

Therefore, keeping weight minimizatias a major target for airplane power supplies



sets a restriction / limitationnousing TRUs as auxiliary power suppli€ome of the
stateof-the-art TRUS[9-10], designd based on 12 or 3@ulsed rectifiers are listed in
table 1.1 Moreover, most of the statd-the-art TRUs operatat 115VACwithin a
narrow range of input AC excitation frequency (around 400Hz¢ Crane 81107 can

operatewith theinput voltagefrequeng range from 324Hz to 600Hz.

1.1.2 Regulated Transformer Rectifier Unit

The replacement of the naectric systems by electricalnits results in a
considerably higher electrical power demand. Whereas in a conventional aircraft
Boeing 777, the installed capgcis about 400 kVA, the installed capacity of the
recently released MEA aircraft Boeing 787 Dreamliner will have an installed capacity
of 1 MVA [4]. In order to avoid the aforementioned issues of the convenfldrids,
an alternative approach is to design a RTRU using an actively controlleeptiase
AC-DC converter. The input to RTRU will llee 3-phasevariablefrequency variable
voltage ACoutputof the turbo generator and the RTRU output willrbgulated at
around28V DC.Fig. 1.4 andFig. 15 represent thexisting and the proposedectrical
systemdiagrans ofBoeing 787 respectively.As a major difference,nlike 115VAC
400Hz (fixed frequency)operation in Boeing 777the variablefrequency starter
generators\(FSG9 in Boeing 787supply 235 VAC at a variable frequency ranging
between 360 and 800 HEhe outputs of four VFSGs are faafjetherto the 235 VAC
distribution bies. The 235 VAC is then transformed and rectified by an Auto
Transformer Rectifier Unit (ATRU) to supply large 270 VDC loads such as Cabin Air
Compressors, fuel pumps, and hydraulic pumps. The distribution buses also supply two

115 VAC bus bars via Autorénsformer Units (ATUs), and four 28 VDC buses via

9



Transformer Rectifier Units (TRUsAS better alternatives titne TRUs, he main focus

of this worki.e. RTRUis shown as a part of theroposedelectric power system
architecture oBoeing 787 irFig. 15. In the proposed architectyrdae RTRU consists

of a threephase active boosypepower factor correction (PFE€pnverter followed by

a phaseshifted full-bridge (PSFB) isolated DOC converter. The power fagto
correction converter is tied to the airplane grid through a-eadt EMI filter stage.
The active power conversioanhancespower density, lower weight, improves
efficiency, and enablesbetter voltage regulation and improved EMI performance in
compari®n to the conventional TRUg:urthermore, due to tight output voltage
regulation, it would reduce the weight of low voltage distribution cables and wiring
onboard the airplan@he proposed regulated rectifier unit is capable of operating in a
wide range binput frequenciesetween 360Hz and 800Hmd input voltage RMS
between 190V and@V, depending on the alternator speea tifrbo generatotOne

of the main challengglies in designing a unique controller maintaining all specified
avionic requirementsver the entire range of sourfrequenciesFurthermoreas far

as the power flow is concerneil,is important to mention that any active power
converter systenis prohibited from regenerating energy back to the mains igrid
airplanes[11]; therefore, RTRUs with bidirectional rectifier systems must have a
control signal to disable the reverse power flbéowever, n the case of a failure,

where for instance the rectifier system is disabled, an energypésddould occur.

10



VFSG: Variable frequen

starter generator

Englne

' power unit

Auxiliary

AC distribution bus 230V, 360-800Hz

A 4
AC
Loads

Auto-transformer
rectifier unit

ATU

Auto-transformer

\ AC bus 115V, 360-800Hz

Transformer rectifier

(ATRU)
¥

[ HVDC Link 270Vp0) |

¥
|
HVDC

AC
motors

Loads

Active
filters

unit v unit (TRU)
Airport Passive
400Hz outlet; | ractifiers
f }-@1 :
AC 1 ‘ LVDC Link: 28V ‘
Loads v *
Battery DC
chargers Loads

Fig. 1.4. Electrical power system architecture inside Boeing 787 Dream(li2gr [

VFSG: Variable frequen @ @

Starter generator

% power unit

Auxiliary

AC distribution bus: 190V-260V, 360-800Hz

Auto-transformer

‘ Regulated Transformer

rectifier unit (RTRU)

i

A [ Auto-transformer ATU unit pirport Thretphas
Loads re{(:%lgdj)mt [ AChus 115V, 360-800Hz OHzoutleti| PEC ci)nverter
¥ ) p—
[ HVDCLink (270Vo0) | Active AC 1 [ PSFBDC/DC converter |
filters Loads g ¥
E LVDC Link: 28V \
y H * ‘
HvDC i| Battery DC
AC Loads chargers L oads

motors

15. Electricd power system architecture with the proposed RTRU inside Boeing 787 Dreamliner

In this work, the RTRU is designed with an objective of strictly satisfying all the

following requirements, which aspecificallyapplied to the next generation MEASs.

1.1. The RTRU shall provide regulated nomir28Vpc power.

1.2. The RTRU shall have a continuous ratings&t on its output under normal

operating conditionand a transier(pverload)ratingupto 10kW.

1.3.With an average -phase input voltage steadiate conditions the FRU

steady state output voltage shalB8/ DC nominal with maximum pegbeak

ripple of £1%.

11
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1.4. Startup process needs to be completed wiikigline cycleswith aninrush
currentbelow four times of rated currefit3].

1.5.The RTRU efficiency shall be greater than 92% under normal operating
conditionsatrated load.

1.6. Targets for the power factor and THD are set as >0.99 and <5%, respectively
at full load based on the future trend of power quality regulatitdk [

1.7.RTRU shall meet Conducted EMI requirement definbg DO-160F

EMI/EMC standard14], shown inFig. 1.6.

60

Amplitude (dBuA)
W L n
g S 2

%)
=

i
<

10" 10'
Frequency (MHz)

[y
>

Fig. 1.6. DO-160F EMI Standard

As for mains inteiaces in industrial environment, ABC converter systems used in
aircraft applications must comply with (avionics) standards. Primarily the airborne
standard DO160F1M] and the military standard MILSTD704FRY4] have to be
satisfied. Some major power quality requirements including individual upper bounds

on current harmonics are listed as follows.

1.8. Current harmonics limit¢ln) are summarized in Table 1[R: fundamental

amplitude].
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Table 12. Current harmonics limits

Harmonic Order Limits

3d, gh 7th Ih=0.02 b
OddTriplen Harmonicgh = 9, 15, 21, ..., 57) Ih=0.1k/h
Odd Non Triplen Harmonics 11,13 0.03 L

Odd Non Triplen Harmonic7, 19 0.04 L

Odd Non Triplen Harmonics 23, 25 0.03 k

Odd Non Triplen Harmonics Ih=0.3k/h
(h = 29, 31, 35, ¢é, 61

Even Harmonics 2 and 4 Ih=0.01k/h
Even Harmonics > ¢h =6, 8, 10, ..., 62) Ih=0.00251

1.9. The nput phaseto-neutral AC RMS voltage may vary betweet®0V and

260V

1.2 Objectives and Research Problems

The fundamental objective of this work is to replace the passive TRU solutions by
wide band gap Silicon Carbide (SiC) based actively controlled RTRUs with fulfilling
all the electrical requirements of mosdectricaircrafts, listed in section 1.1.2.
Moreover, he researclioncentratesn enhancing the specific and gravimetric power
density of AGDC conversion unitand also, on improvingll the performance
parametersuch a®fficiency, dynamigerformancestartup, input power qualityand
EMI across all load power levels.

Subsequentlyhie major research problenos which research effort has been focused

in this workare briefly as follows:

13



Duty compensated feedback cahtof threephase boost PFC for THD
improvement- Improved power quality

Control of threegphase PFCwithout using any input voltage sensors
Economic and reliability benefits

Fast starup PFC control with minimum inrush current_ess stress on power
devices

Design of adaptively tuned compensator for maintaining unity power factor
with THD<5% at any grid frequency from 360Hz to 800HImproved power
quality

A novel soft switching methodology in thrphase boost PFG Higher
efficiency

Variable swiching frequency control of phashifted fultbridge (PSFB) DE
DC converter for maximum efficiency point tracking Higher efficiency,
economic benefits

Derivation of EMI noise model in RTRU and an innovative approach to design
common mode (CM) filter afye-- Better understanding on EMI noise
Ultra-compact and optimized design of EMI filter for RTRUmproved power
density

Reduced state observieased statéeedback control of twatage integrated
AC-DC converteii power quality enhancement and fastgnamics

Maximum efficiency tracking of RTRU using variable intermediate DC link

voltageat a wide range of operating conditidnkigher efficiency

14



- Intermediate DC link capacitance reduction in a tiplease RTRU Improved

power density

1.3 Synopsis ofhe Dissertation

In Chapter 2, design and control of thygease boost PFC converter including
differentdesign consideratiorand hardware implementation are carefully discussed.
Innovativecontrol methodologies for improving tirgut power quality in wile input
frequency range are introduced and analyzedlgtail A novel concept ofsoft-
switching strategy in a thrgghase boost PFC convertgsing an auxiliary switching
circuit is proposed and experimentally validated for the first timero voltage
switching (ZVS) is performed at adiix switches of the PFC stage.

In Chapter3, three following major control objectiveshave been individually
analyzed andchieved through a unique integrated contro(ito minimize the stast
up time with minimum irush current (ii) to achieve perfect unity PF at the entire range
of source frequencies (360 Hz to 800 Hz for avionic applications) and (iii) to achieve
fast tracking of reference phase currents i.e. faster settling under any load or line
transients

In Chapter4, hardware design considerations of phsisifted fultbridge (PSFB)
converter with low voltage, higburrent output in RTRU application are analyzed.
Furthermorethe total losses are formulatedafinction of switching frequency and
conditionsfor zeravoltageswitching in frequency domain. Parametric minimization
of loss models performed to determine the optimum valuswitching frequency for

achieving maximunconversionefficiency in PSFB stage. Thereby, a comparison

15



between fixed and vable switching frequency control methods is presented with
experimental validations.

In Chaptet5, a comprehensive procedure and a set of guidelines for designing
compact EMI filter for RTRU application are presentBiferent design constraints
based ormaintaining the unity power factor operatiand hence, limiting reactive
power transfer below a certain limare also discussed analyticallfzurthermore a
genetic algorithm based constrained optimization process for minimizing filter volume
is perforned to obtain optimum LC parameters for practical realizatinally,
experimental results of EMI spectrum of the converter with implemented EMI filter are
captured by spectrum analyzer and proven to be complying witi@® conducted
EMI standard.

In Chapter6, the overall stability, dynamic performanamd power efficiency
maximization for further improvement of the RTRidve been investigated, analyzed
and discussedDifferent innovative methodologiesare proposedexperimentally
verified and comparg with stateof-the-art for the following problem statement§)
statefeedbackcontrol loop desigrof the integrated twstage AGDC converterfor
power factor maximizatioand dynamics improvementii) efficiency maximization
of the integrated RTRU bgptimum variake intermediate DC link voltage.

In Chaptet7,passi ve component 6and thus, RUROgoweri ni mi z a
density enhancement is implemented by reducing the intermediate DC link
capacitancgdts size andts weight. The capacitance redustitechnique is realized by

minimizing theamplitude ofthe switching frequency component of the ripple current

16



through the DC link capacitowhich is in turn achieved by PFC phataty ratio
modulations without affecting the PFC action.

In Chaptes8, relevant conclusions frorthe research workgerformedduring the
PhD research phasdong withseveral prospective futumesearchesn alternative
RTRU topologiedor performance enhancemeartd power electronics optimization

are presentednd discussed ibrief.
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ChaptéE€hr-ReaseSw3itxc h-t Bp® sPower Fac
Correction (RPC) RORUvApPpPpE€DOD DAL 0bn

an8o6ftWwitching

Typically, aRTRU is composed of a frordnd AGDC PFC stage followed by an
isolated DGDC stage 16]. Active PFC rectifier circuits are well suited for
implementing a rectifier system with high power density, low weight and high input
current quality.The active AGDC rectifier topologies can be divided into phase
modula systems and direct thrgdase rectifier systems. Phase modular systems
consist of three singlphase rectifiers, each of which could be connected in Y (phase
neutr al ) -pbasekapfig@ragitnaGompared to a direct thgease rectifier
system, de to power pulsation, large capacitors must be applied in the individual DC
links of the modular systems for singdbase systems. Also, equal active power sharing
between three different phase units must be ensured for suitable opendtion
additiondly requiresa supervisory controller and identical hardware design for all three
modules
Direct threephase rectifier circuits perform direct energy conversion from the-three
phase AGmains to a single D®us, where the DC link requirement goes down
significantly under a symmetric balanced thyease AC source. Thrgmhaseactive
rectifier systems can be typically divided into three major categdiijeboosttype
PFC (ii) bucktype PFC and (iii) buckoosttype PFC[16]. Buck-type PFC shows
discontinuous input phase currents and therefore, requiresteemely challenging

EMI filter to shape the grid curretd meetall the individual harmonicBmitations

18



Furthermore, a considerable high differential mod®l@apacitor is required to sink

the discontinuous ripple current, which can potentially degrade the power fattter in
wide-rangeof grid frequency (360Hz to 800HZz) operation. Therefore, Hypk PFCs

do not seemssuitable for airplane power supply ajgptionswith strict requirements

on power quality. Similarly, buekoosttype PFC faces the same issues of
discontinuous input current and hence, requires higher DM capacitor degrading the
power quality. Therefore, an ADC topology with continuous inpuurrent reduces

the burden on EMI filter design aidproves the input power factor due to less reactive
power requirement by DM capacitofBhis makeghreephase boostierived power

factor correction rectifier auitablechoice for active threphase AGDC conversion

The frontend PFC stage can be implemented by diffebeaisttype topologies with
different number of active devices; feswitch, threeswitch and even singigwitch
converters. In fouswitch topology, the two switches in one phase legeplaced by

two capacitor§l7, 18]. Inthrees wi t ch converter, also referr
eah phase leg has bidirectional current flow by combination of a single switch and
multiple diodes[19]. The mainconcernin these two topologies is the complicated
controllerdesiggndh e i ncr eased number o,whiohdoddd es i n 6
also result in more conduction logspecially at higher poweln singleswitch
topology, threegphase singlswitch AGDC boost converter is widely used for its
simple control and no need for input current sen$2@. But the phase currents
typically contain lav-frequency harmonic distortion, which appladditional buders

on EMI filter design.Therefore, threphase sixswitch boostype PFC is selectad

our designdue to its simplified structure, less current stress, less number of
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semiconductor devices and high conversion efficierBy2P]. In the majority of
applications, the input current of the active thpbase PFC rectifiers are required to
have a total harmonic distortion (THD) less than 5% and an input power (B&pr
greater than 0.9922-23]. With the motivation of achieving fast dynamics, enhanced
power quality, improved conversion efficiency for the frend PFC stage, the
following research areas are deeply investigated and analyzed in the following sections:
(a) duty compensated feedback control for THD improvement (b) PFC control by using
only one voltage sensor (c) fast stapt control with minimum inrush current (d) soft

switchingimplementation in a threghaseboostPFC.

2.1 Basic operation and design details

2.1.1 Operation Details

Prior to moving into the research contributioi® dperation and design details are
discussed irthis section.The overall structure of a thrgdnase active boosype
rectifieris shown inFig. 21. In this topology, there are three inductances in series with

the AC source.

lout

B JE’E JE{B

C LS S S
B, T~ DC

T T

wl I JElBJ

v S Sy Se'

3-phase AC
supply

. _% P
C:
=

Fig. 21 Threephase bood®FCrectifier
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These inductances help to boost the input AC voltage and filter the input current,
thus reducing the harmonic contents. The top and bottom set of MOSFETS are switched
in a complementary fashion with a fixed deadbdar instantaneous DC krcurrent

canbe formulated as the relationship, presented in Egy). (
YQ YQ YQ 6 — — (2.2)

where Sy, S8, & denote the PWM states (0 if OFF, 1 if ON) of higte
switches of phas@, B, C, respectively. Taking a switching average of thevab
relationship, Eq.4.2)-(2.4) could be established for a better and clear understanding of
the relationship between duty ratios and currents in a balanpbds®, active boost
rectifier with openneutral point i.eia+ig+ic=0.
-.YQ YQ YQQo - 6 — — Qo (2.2
AssumingVoc, ia, g, ic to be constant over a switching cycle in E2R), the following

equations could be formulated.

oo o0 e § — — (23)

Q Q 1 Q Q Q o (2.4)
where, dkn and dk. representhe duty ratios of high side and low side MOSFETS,
respecthkby &l pkia B @8 ¢r €). ikdenotes the instantaneous current
t hr oki'gpphh acs e | kod A osB oriC). God) Voc andl, denotes the output
capacitor, DC link voltage andvarage DC link current, respectively. EQ.3) is

obtained by discretizing EqR ) in sample domain.

2.1.2 Design details
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Three phase active boost PFC requirasouscomponents starting from power
stage passive components like inductor, capaciod, power diodes to the active
devices like MOSFETSs, driversind their power supplyamong othersFront end
power stage of boost PFC requires three inductors, one DC link capacitor, six power
diodes, six power MOSFETs. Apart from the power stage conmgmne set of five
sensors (twdine voltages, two line currents, one output voltage) along with sensing
circuits is required.

The converter is designed for nominal input voltage of 230V (phast&ral RMS),

400 Hz and rated power 6fkW. The minimum DCihk voltage must be greater than
line-line peak voltage corresponding to maximum AC input voltage cb.e.

®r Vg ¢ oup o tarln this design, DC link voltage is kept at 650V. Since
maximum voltage stress across each PFC MOSFET igR@oltage i.e. 650V, three

pairs of 1200V SiC MOSFETSs are selected in this design. The effective RMS current

stress of each switch can be determined as:

(2.9

| \/4p+\/§(3+4M)
RMS a 24;0

wherelai s t he 6AO6 phase RMSlatonindexegivenband 06 Mo
® Viofo . Fast Schottky SiC diodes are placed antiparallel to the six PFC MOSFETS,

in order to minimize the reverse recovery, to offer less forward voltage drop and hence,
result in less conduction loss. The diodes will conduct only duitre deadband
interval, which is ~5% of a switching cycle in our design. Therefore, a conservative
current rating of each diode could be considered as 5% of phase current RMS, which

is ~1A at 100% overload condition. Each MOSFET needs to be driven thaogeaje
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driver, whose output side must be electrically isolated from the DSP ground.
Considering the propagation delay, driving voltage, isolation level and maximum
current delivering capability, Si82391AD is found as a good choice of gate driver,
being alte to isolate the gate pulse inductively (through transformer) from DSP and to
drive a pair of complementary MOSFETS.

The DC link capacitor needs to be large enough to suppress the voltage ripple (as
low as 2%( gpof minimum DC link voltage\(o,min)), caused by switching frequency
component and this is formulated in E2.§]. Also, assuming no requirement for hold
up time, the DC link capacitance valcen beset at 100 pF according to the following

equation.

8 # (2.6)

Contextually, it is noteworthy to mention that there persists no line frequency multiple
component on the DC link voltage in case of a balanced-iirage boost PFC unlike
single phase PFC converter. This can bebimroved by formulating the total power

delivered from source to load as follows, which does not include any multiple of

0 ®0Q o0 ®Q o®ET 06 OEl o &

OEf & ¢ 5 -a© (2.7)
The value of selected boost inductance is of 400uH, which is required per phase to limit
the maximum possible ripple amount within 5% of RMS magnitude of inductor current
[23]. C058110A2core (from Magnetics) with highux material is selected for
building the boost inductors, considering the balance between permeability degradation

with higher power and core logs list of components with brief specifications used in

the PFC stage isimmmarized in Tabl@.1
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Table 2.1. Component counts and specifications

Components

Part number

Quantity

Purpose

Gate driver

DC-DC converters
MOSFETs
Diodes
DC link capacitors
Current sensors
155V

Zener diode

Chip Inductor

Common mode

choke

SI182391AD

NMG1515SC (Murata
CMF10120D (Cree)
C2D05120A (Cree)

B32776G0206K (20uF

LA55 (LEM Inc.)
TPS71550DCKR
1SMA12AT3G
820nH
(MLP2012SR82T)
ACM90V-701-2PL-

TLOO

3

10

10

20

50

10

Driving MOSFETs
Isolated power supply to gate
drivers
Active semiconductors
Passive semiconductors
PFC output capacitor
Sensing input line currents
Gat driver primary side suppl
Protection from voltage surge

Filtering action

Filtering of SMPC converters
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2.2 Duty compensated feedback contréltbree-phase boost PFC

In threephase AGDC boost PFC structuréhereexists a floating potentigVnn)
between source neutral and DC link negative termiwdlich sets a challenge in
maintaining a higher power quality in a thwelease boost PFC withogensing the
voltageVnn. This becomes even more challenging if there is no available access to the
source neutral of threghase generator, which is the case in the auxiliary power units
of more electric airplanes. Traditionally, the average current darittbe threephase
six-switch boost PFC rectifier has been digitally implemented using three independent
current controllers with a common triangular carria4-25]. However, the dynamics
of the reference duty ratios in a thyglgase boost PFC are not actually independent. In
fact, there are crosoupled terms in their relationships due to the commode
potential between source neutral and DC link negative terminaktablished in this
research documentherefore, the input current waveforms obtained from the control
method, presented i24-25], have high THDs, degrading the poweratjty.

As an alternative option, vector control method using space vector PWM
(SVPWM) technique is often used in a-switch boost PFC rectifier for reducing the
total number of switching transitions in a switching cycle to improve the THD and
enhance e conversion efficiency2p]. However, higher execution time, due to
computationally complex procedure of sector determination and duty calculation in
vector control, limits the maximum switching frequency. Samitomplexity also
arises for sliding mode control using a single core D&&ed implementatior27].
Furthermore, a zersequenceignal (ZSS) injection method with threep and six

step PWM has been proposed 29|, which adds up an additional feedforward term,
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derived from input voltage to the current

threestep PWM is adversely affected by diatycle limitations and has unbatzed
conduction losses between the upper and lower switches of theptiase rectifier
bridge. Moreover, an input phase voltage dedforward control strategy is
proposed in30], for improving the zero crogsy issues and power quality in a single
phase boost PFC.

Therefore, by addressing the aforementioned isghisssection presents a duty
compensated feedforward control strategy capablensfiringa lower THD and a
power quality comparable to SVPWM basexttor control or the methods proposed
in [29-30], which is doneby injection of a commomode duty ratio term to each
current ¢ o mp evithsaa additrodakadvdage gb elitinating two input
voltage sensordJnlike [29-3(], this duty compensation term is not a function of input
voltages, rather a function of duty ratios at thecedéng switching cycle. The proof,
detailed derivation, and its influence in terms of harmonics reduction are analytically

presented and justified in subsectib@.l.

2.2.1 Plant characteristics and small signal analyses

For PFC operation, the referencsactive power in a thrgghase active boost
rectifier should be set to zero and active power should be set to the total nominal power
of the converter. In a SiFRWM method, inner current loop consists of three lines
current references, which are functiafsvoltageloop PI controller output and line
voltages. Hence, power factor correction requires feedback and regulation of the three
phase input currents and is achieved through inner loop current mode control. Current

control is achieved using an innentrol loop that measures the input phase currents
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and controls the inductareutral voltagesMain, Ve1n, Vcin), to force the phase current
to track its reference value. In our work, a linear control strategy, combining feedback
and feedforward controllsmwith injection of a compensation duty factor and without
using any input voltage sensors, has been proposed and implemented. The proposed
control structure is shown fig. 22.

A threephase boost PFC consiststhree coupled AC boost converters, one
of which is shown in Fig. 2.3[]. According toFig. 23, the output and input voltages
of the converter ar¥pc and Van, resgectively. From the volsecond balance of the

boost inductot f o kd" pldase, Eq. (2.8) could be formulated.
Vin =@- dy Vpe =d Ve (2.8)

Vain could be 0 oVpc, depending upon whether lower leg swighis ON or OFF,
respectively. Thereforeéhe switching average of the voltage across thenelpoint if
6 K phase to the negative terminal of DC link Man would bedkiVoc. Hence, Eq.
(2.9) could be formulated for any decouplda@€-DCconverter. Let 6s

estimated input phase vagies aredy g1y g  for phase A, B and C, respectively.

~ di
VAn +VnN =L d_: + dkHVDC (2-9)
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Fig. 22. Block diagram of the proposed control system for a tpteese active boost rectifier

’y)l_

Ay

=
LAY

’g)l_

VAN

Fig. 23. One independent leg oftareephaseactive boostype rectifier.

Applying summation operator to both sidesof E98( and by vidr yiroegn pha:

Ato C, the subsequent relationships are formed for a balancegpihase system i.e.

VantVentVen=0.
~ ~ ~ d S S
Van + Ve, +Ve,) + oy :La(aik)"'voca dy, (2.10
k=A i=A

d S. S S S
La(a i)*Vocd dy @ Vi tVoca Gy
v =_ Al A — k=A i=A

X | (2.19)
" 3 3
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The inductor voltages can be written as the sum of its different frequency

components, as presented in EQ1D.

C
AV, = A V., wt wt - 20 wt +20/4))] =3V, w)+ &V,
av. mza nlcos@unt) +cosa(ut - 28/4)) +cosa(ut +28/4))] =3V, , cos@ )+ av

(2.12
where,Vind e n ot ehd" ortleh karmonics of any phase inductor voltage. In a
conventional linear feedbaaaly control with SinePWM technique, the
instantaneous sum of all the duty modulation signals, gendratadhree outputs of
inner loop current compensators have®lase difference and hence, add upetm
Therefore, as can be seen from Eq. (2.11), the sum of three inductor phase voltages will
depend only oVnn, the voltage between input AC neutratiddC negative terminal,
which is nonzero for a thregphase boost PFC converter, shown in Eq. (2.13). This
implies that although the sum of all the inductor voltage fundamentals will be O, there
will be nonzero third and higher order harmonics presenth& inductor voltage,

which will definitely be present in the input currents as well.

Vo =V scos@um)+ Vv, (2.13)

h=5,7,..
Therefore, in order to eliminate the undesired third and higidear odd harmonics
from the inductor current and inductasltage waveforms, an additional duty ratio of
6 needs to be added to each of the currer
potentially cancel the effect &~ on the input line currents and inductor voltages. As
can be seen from Eq. (2.11), fdb@anced Pphase system with input currents without
any harmonicsynn can be presentexs,

VN = Voc(dantdertdcH)/3 (2.14)
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Therefore, since the sum of the thrree curr.
mutual phase shift, as a retsof the commormode duty ratio injection, the following

relationship holds.

C
3XVpe +A Vi =V (2.15)

k=A
Hence, in order to make the individual inductor voltage harmonics and input current
har moni cs equal xXo sldhl®We\Voc, itexddanvdatde@3. of 6
Thus, the modified reference duty ratio of any switch by proposed control could be

derived in discrete time domain according to Eq. (2.16):

7 a dkH[n' l]
de.[n] = Vin tVinlN = K sin(ut) +<=A8C DC (2.16)

DC _ ref 3 VDC _ref

Thus, the reference duty ratios fockahase are obtained by the following
relationships in discrete time domain with sampling tifmand presented in Eq.
(2.17) to Eq. (2.19).

dAH[n' 1]+dBH[n' 1]+dCH[n' 1] VDC

d .y [n] =K, sin(unT,) + 2.17
[N =K, sin(enT,) 3 Voo o (2.17)
dBH[n] — K2 sin(wnTs . %)_}_ dAH[n' 1] +dBH[g' 1] +dCH[n' 1] VDC (2.18)
VDC_ref
dey[N] = K, sin(unT, +%)+ Ay(n- 1] "'dBH[;' §+dey(n- 1 VVDC (2.19)
DC _ref

Secad term in Eq. (2.17) to Eq. (2.19) represents the additional term, derived as zero
sequence or common mode duty injection to each individual faisent controller
output. SinceYnnis the common additional term to be added to all three phase voltages

to form Van, Ven, Ven; ignoring the effect of this commenode potential on the duty
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reference generation would keep high amount of harmonics uncompensated in the
switching PWM pattern in duty waveform. Hence, the input phase current would have
contained k the harmonics present in théin waveform, presented in Eq. (2.12).

Therefore, using Eg. (2.15), the additional duty feedforward t&yrs (derived and

used in Eq. (2.17Eq. (2.19) in order to nullify the effect of commarode potential

Vnn. In orderto get a better insight, the effects of considering or ignoring this additional

term in the control loop on the input current harmonics are presented in Section 2.2.2

on Simulation and Experimental results.

Applying perturbations on duty ratios on botlkles of Eq. (2.17), discarding other

vari abl esdéd small s i z@trarsform,\tha followirtgismah signah n d t a k

relationship is obtained between crakgy-ratio terms.

-1
D@ s (2.20
Ddg, (2) 1- rz'% 3-rzt

wherre, r &@pr e s elmtween mdasured Ctlinkovoltage and its reference

value, which could vary between 0 abheh, whhér ai 6 | determine the
DC voltage over ghaotansAlogan otnaktihneg péer t ur b
(2.16 and discarding the smallgnal variation of phase voltage and DC output

voltage, the following is obtained.

rz—l -1

3]

2t
3

Dd ,, (2)[1- [Ddg, (2) + Ddcy (2)] (2.29)

Converting the relationship in Eq2.20 to Laplace domain through bilinear
transformation, Eq.2.22 is formulated, which provides thelative variation of duty

ratios of different phases.
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1- ST,

r 2
Dd, (5 1+SV, _ (r+D+(r-DST (2.22
Ddg, (5 1-S)5 (3-D+E+NS];

1+ S%

The pole being located @t=-2(3-r)/(3+r) i.e. left half plane ensures the crahgy

variation to be stable at a perturbation in any phase duty ratio. Téigph#se cross
coupling makes the input phaseutral voltage not only a function of its corresponding

duty ratio, but also crossoupled with other phassuty ratios, demonstrated by Eq.

(2.23.

o & d,[n- 1
\7An(n) = LM +Vpe (danlN] - I:A#) (2.23

Applying perturbation®n the phase current and the duty ratios in £@3, and

taki nzy t hen $2DismohtainEdg . (

) TL (- Z)Di A (2) =Vpe[(1- Z_31>Do|AH (2)- 2*(Ddgy (2) + Ddyy (2))] (2.29

Now, using Eq.Z.21) and Eq. 2.24), and applying bilinear transformation, the self
transfer function Tserr (S)) of the phase curremo-duty ratio, shown in Eq.2(25 is
determined.

DiA(S) — 4VD(:[(1' I’)+ST]

Teer (8) = =
s (S) mAH (S) SLQ:(I’ +1) + (r - 1)3%]

(2.25

Using a similar method, the cross transfer functitid{s)) of phase currerb-duty
ratio, in Eq. .26 is derived.

_ Din(9) _ 4Vp[(1-r)+sT] 2.2
Tcross(s) - - ( @
Ddgi (9)  3Lg(3- 1)+ 3+ NST/ )
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The self and cross transfer functions characterize the plant and thus, will be used in
closed loop stability analyses. The crassipling effect, presented by the transfer
function at Eq. 2.26 is stabilized by the addition of the mmonmode or zero
sequence duty ratio term to each of the individual phase duty ratios, shownarilBq. (

- Eq. @.19. Furthermore, it is important to ensure stability of the overall loop by
choosing proper controller parameters. For example, in oocder tt e A6 g p h &s e
current compensatoiCi(s)), the unity loop gain needs to be ensured. For a plant
transfer function ofGa(s), shown in Eq. Z.27), 1+Ca(s)Ga(s)<0 should necessarily

hold.

Di,(9) N [(2- r)+sT] H(s+2)
GA = A = oc = (227)
© Dd(s)  aLgr+1+(- 1)3%] s(s+ p)

In the above equatiot]=8Vpc/(3L(r-1)), z= (A-r)/T, p=2(r+1)/(T(r-1) )r6 ¢éan vary
from O to 1+h, depending on the D& wilhlk dotil ¢ amien e
maximum ripple on the DC link nominal value. The characteristic equation of the

overall loop gain is presented in Eg.28.

s’ +(k,H + p)s? +(k +k,z)Hs+kHz=0 (2.28
From RouthHurwitz stability criterion [24, the following conditions on the controller
parameters are obtained for the stability of the overall closed loop systktine closed

current loop bode plot is gsented in Fig. 2.4, which exhibits a phase margin of 120

and unity power factor

-P_ 3L(r+1)
k > =- 2.2
P H 4TV, (229
k.z
Kk >—2P2 (2.30
k,Hz+ pz-1
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Fig. 24. Bode plot of closed loop system response

Pl compensators for all the phase currents are designed by obeying the above
inequalities. Final duty ratios are obtained by adding inner loop current controller

outputs to the additional common mode duty ratio. Duty ratios obtained from the inner
current contller loops are compared with a high frequency carrier wave to generate a

switching PWM pattern to be fed to the top side MOSFETS.

2.22 Simulation andExperimentaResults

Simulation results:

The converter is simulated with an input AC voltage of 238haéeneutral RMS)
at 400 Hz. The simulations are carried out in MATL-SBnulink at the rated nominal
specifications, prior to the reime implementation. Fig2.5 shows the simulation
results of a 1&W PFC converter with conventional averaged curreotiencontrol

without any feeeforward duty term in the control loop.
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Fig. 25. Simulation results of threphase boost PFC at 10kW power with averag@dent mode

control (without any additional duty compensation).

Fig. 2.6 denonstrates the simulation results of theki# PFC converter with the

injection of common mode duty ratio compensation term, derived from the proposed

control in this research documentThe input current waveforms according to

conventional averaged currembde control have high amount of harmonics content

(THD of 30%), as opposed to the proposed fised/ard based control, offering THD

of 3.4%.

current (A) Current (A) voltage (V)

Phase ‘B’ Phase ‘A’ Phase ‘4’

i
@ 0.015

Time (s)

Fig. 26. Simulation results of threghase boost PFC at 10kW power with the propasedrol (with

injection of commormode duty ratio).

For a better understanding of the harmonics effect on the phase current in two different

control methods, a FFT plot is presented in Rig, which clearly implies that the
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power spectral density (|[FFREY|2/N, where N is the transform length), at lower order

harmonics is far less in the proposed control.

z,x10° |

é ; — Conventional avergaed current mode control

= — Proposed control with duty compensation

= : : :

g1 -
&

E 0 S| L 1

& 0 1000 2000 3000 4000 5000

Frequency (Hz)

Fig. 27. FFT plot of the phase 060A6 current at t
Experimental results:
As a proofof-concept werification of the operation of thrgghase active boost rectifier
with the proposed control logic, a 6 kW (continuous) / 10kW (peak power) laboratory
prototype is built according to the key nominal specifications, presented inZ.able

The designed protype is shown in Fig2.8.

Table 22. Key design specifications of the PFC converter

Parameters Specifications

Input voltage (W) 230V, 400Hz (nominal)
Output voltage reference (¥ ref) 650V (nominal)

Output continuous/pé&apower (Buy) 6kW/10kW (max.)
Switching frequency §f 100 kHz

Boost inductor (L) 400pH

DC link capacitor 100pF

MOSFETs CMF10120D (SiC, 1.2kV)

The converter is capable of converting 19980V threephase AGline voltages into

a regulated D@ink voltage in the range of 300V to 650V. In order to have advantages
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in complying with the conducted EMI standard (DO160F), the switching frequency is
selected at 100 kHz. The control logic is implemented in a DSP TMS320F28335 with
the Pl parameters (K1.5, K = 100), derived by satisfying the inequalities in Eq- (49

50). Fig. 29 shows the steady state operation of the PFC converter at 6kW and

represents the stable and settled down output DC link voltage of the PFC.

Gate drive circuit

DC link capacitor

Heatsink

Boost inductor

| » Sensor boar
EMI filter stage

Fig. 28. Photo of the threphase boost PFC prototype.
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(b) Voc=650V, bu=9.15A, i (RMS) =9A, Van (RMS) =230V, B,=6kW
Fig. 29. Experimentalwavkeor ms (at 400Hz. source frequency) of t
voltage and current, Phase 6B6 current, DC | ink vc

voltage & load current

The DC link voltage is regulated at 650V with a ripple of {I®8), as implied by Fig.

2.9(a). Fig.2.9(b) shows the load voltage along with load current for a more accurate
calculation of output power, as the load resistance value may not be accurate because
of temperature rise in continuous run of the circuit. Eig(b) clearly demonstrates the
unity power factor operation of the convert
are exactly in phase. The experimental result at 6kW exhibits a conversion efficiency
of 984% and a THD of 4.1%, which proves theeogtion of power converter with a

very good power quality.

Fig. 2.10(a) and Fig2.10(b) show measurement results at a line frequency of 400 Hz
and an output power of Pout = 9.8 kW{&230V RMS, \bcre=650V), where a
conversion efficiency of 98.2% andHD of 4.1% are measured. In addition to the
operation of the converter at 400 Hz, experiments are also conducted at intermediate

frequencies as the rectifier stage of RTRU should maintain PFC operation in a wide
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variable range of source frequencies (B0 Hz). Fig. 2.11 represents the
experimental waveforms of the converter at 120V RMS input voltage and 400V output

voltage reference at source frequency of 800Hz with 2.1 kW load power.
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Fig.2100Experi ment al waveforms of the converter at 10Kk
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Fig. 211. Experimental waveforms of the converter at 800Hz source frequency & 2.1kW load power
Vpc=400V, ix (RMS) =is (RMS) =5.92A, \hr (RMS) =120V, B,=2.1kW.

The measurements at 800Hz sauiftequency convey a power factor of 0.999,
efficiency of 98.5%, THD of 4.2% and also, exhibits a tight regulation of the DC link
voltage (ripple < £1%) with the proposed control. As can be seen from the input current
waveforms in the abovexperimental rgults, the zer@rossing portion is totally
distortion free and overall THD is below 4.5% at all power levels, which demonstrates
a good agreement between the experimental results and the theoretical claims. THD
obtained from our proposed control is slighbetter than threstep PWM duty
feedforward (derived from input voltages) approact2i] fvith an additional benefit
of having no effect on power quality with changing the duty ratio limit or facing source
disturbance, unlike the method i2q].
In addition, the converter is also tested in different line conditions to check the accuracy
of the proposed control logic at variable operating conditions. During a 25%
overvollage line transient (froml®V to 265V phaseneutral RMS) applied at the input
phase voltage, shown in Fg12, the proposed controller maintains the stability of the

closedloop system with input power factor of 0.997 and a settling time of 0.18ms for
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DC link voltage. The phase current amplitude reduces by 20% after the input line

overvoltage, as the load power is kept unchanged.

Tek Prevu

. .

Vv Transient occurs
DC
here

3 iB iA

Line voltage transient by
: 25% overvoltage

@ 100s v @2 @ 00V @ 100A ©)

Value Mean Min Max Std Dev |
@ RMS 6.81A 6.81 6.81 6.81 0.00 [1-0'3'"5 J[1-00M5_/S J @ 5 720 A]
2 10k points
@ RMS 6501V 6501 6501 6501  0.00
@ Frequency  399.8 Hz  399.8 399.8 399.8 0.000 18:08:52

Fig. 212. Experimental waveforms of the converter under input linesteat from 230V to 285V

phaseneutral RMS at 400Hz source frequency and650V.

Furthermore, the converter is tested with the variation in source frequency from
400Hz to 800Hz at the rated input voltage, and as can be seerm&@rperimental
resultsn Fig. 213, the controller maintains the stable and regulated converter operation

with the PF of 0.999 and THD of 4.2% both before and after the frequency transient

with a fixed DC link of 650V.

41



Tek Prevu

: Freguency transient
® s00s @ & v @ s o 11om400Hz to 800Hz

value Mean Min Max Std Dev  }—
@ RMS 7174 7.7 7.17 7.17 0.00 1.00ms 1.00MS/s @ s 704
2 10k points
@ RMS 6501V 650.1 650.1 650.1 0.00
@ RMS 7154 7.5 7.15 7.15 0.00 26 Dec 2015
@ Frequency 399.8Hz 399.8  399.8  399.8  0.000 18:14:57

Fig. 213. Experimental waveforms of the converter under input frequency transient from 400Hz to

800 Hz at 230V phaseeutral RMS and Wc=650V.

2.2.3 Loss Evaluation of the PFC Converter

Power losses in power stage components arise from boost inductorgtimegre loss

and DC conduction loss) and ESR loss in DC link capacitors. Switching and conduction
loss in MOSFETS, forward conduction losses in diodes add up to calculate the total
semiconductor losses, incurred in the PFC converter. According to theati@ins of

loss data using the governing relationships mentioned16), [the switching,
conduction and diode losses are 53.3W, 41W, and 40W, respectively at 10kW PFC
operation. The total incurred DC conductioss in all the power inductors is 18.3W.

In our design, the total calculated magnetic core loss in three power inductors is 15W,
obtained from Eq. (2.31) at a PFC operation with 10kW load power. Core loss density
(Pcore) is a function of AC flux swingBpk) and frequencyf), shown in Eq. (2.31). The
parametersk( a, b) and flux densityB), core volumeVcore) Can be determined from

core loss charts, datasheets andctirge fit loss equatior3p].
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Pcore = kf aBpkb\/core (231)

The RMS value of ripple current through DC link capacitor and ESR Ressg @re

calculated from Eq. (2.32) and Eq. (2.33).

Ico =d i, +dgig +dcic - %

(2.32)

Peer =g, 2 ESF (2.33)
According toEq. (2.32), RMS ripple current through DC link capacitor is 16A, which
will lead to 2W of ESR loss per each of the five parallel 20uF capacitors. Thus, total
theoretically calculated power loss in the combined EMI & PFC circuit is 182.6W at
10kW load powerand hence, it would lead to a theoretical efficiency of 98.2%. A
linearly extrapolated graph demonstrating the conversion efficiency variation of PFC
over a wide range of load power (from 200W to 10kW) is shown ir2HEig.(a), which
confirms that the &tiency is always above 98% at a load power between 1kW and
10kw. The fall of efficiency beyond a certain power level is due to the significant
conduction loss in three inductors, varying proportional to the square of load power.

Furthermore, the loss s$pat the peak power of 10kW is represented using a pie chart

in Fig. 2.14 (b).
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Fig. 214. (a) Efficiency of the thregohase boost PFC versus output power (KW).

Loss split among different PFC
components
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Fig. 2.14. (b) Power loss split in dfierent components.

According to the obtained measurements over a wide range of load pef@diA),

the highend efficiencies and low THD enable the converter to achieve high power
density and high gravimetric power density of 1.1 kW/liter with a tothlrae of 274

inch®. As another evaluation parameter, harmonics of the input current are calculated
by Fourier analysis of the measured current waveform ffli@@er and shown in Fig.

2.15.
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Fig. 215. Harmonic spectrum of phagurrent at rated input and 10kW load power

The harmonics content is quantified by the ratio between RMS current value at a
specific harmonic frequencynfland its fundamental rooheansquare (RMS) value

(I1). To keep the carrier frequency outside tbenchant harmonic frequency band for
improving THD, a switching frequency of 100 kHz is used such that the carrier
harmonics are above the 28armonic under 800 Hz line.

In addition to the improvement of power quality threephase PF(Cit is also very
important to maintain a consistently high efficiency throughout the load power range.
Since thregohase boost PFC is inherently a hawdtched converter, there is a scope
for bringing in softswitching technique and thereby, being able to switch atleehig
frequency without increase switching loss. The next subsection analyzes and explains
about the methods of seftvitching implementation with minimum number of extra

addon components.

2.3 A SoftSwitching Strateqy for Thred¢®hase BoosPFC

Keeping theobjective of improving the conversion efficiency, it is very important to
analyze the loss breakdown of the entire system into component level. It is noticed from

the experimental measurements thatgmificantportion of the total losses in a hard
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switchedconvertersuch as PFCarises from the switching loss. Additionally, the anti
parallel diodes of the six switches face reverse recovery problems, which cause high
di/dt, commormode (CM) conducted EMI noise and also, reduction in conversion
efficiency. In order to alleviate the aforementioned problems with-Baiitched PFC
converter, several sefiwitching techniques have been proposed either by modifying
the control and PWM logic or by adding an additional auxiliary circuit. The auxiliary
commutatedesonant pole converter§] can operate with ZVS using an additional
auxiliary circuit. However, the auxiliary circuit uses six additional switches and their
corresponding gate drivers, which would increase tleeh®ad cost of the system. The
concept of resonant DC link (RDCLY$80] makes the auxiliary resonant circuit
relatively simpler, but the design requires an auxiliarya@witith high voltage rating.
In addition, ZVS operation of switches with the RDCL concept requires a discrete pulse
width modulation (DPWM) strategy8ll], which can potentially cause low frequency
subharmonic osdiations, degrading the overall EMI response. Anothersoftching
approach is presented i@, which makes use of the transformer leakage inductance
and a separate resonant capacitor to achieve ZVS. Howexemajor disadvantage
of this topology is the higher current stress on each switch in the matrix converter, as
the current flowing through each switch in the switching instant could be as high as
double of the rated current.

An effective softswitching mplementation is performed i83-84], which utilizes
transformer leakage inductance, parasitic capacitances of the MOSFETs, and also
enables utilization of MOSFET body dies instead of additional fast recovery diodes.

However, due to the topological constraints, this is not applicable to theptase
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boost PFC. Another effective sedivitching strategy was proposed for thpFase six
switch boost PFC85-86] with a compact auxiliary circuit, which consists of one
bidirectional switch and one LC branch. Although the used number of components is
less, the voltage ratings of both switch aa@acitor have to be at least equal to the DC
link voltage and the current ratings of the switch and inductor have to be at least equal
to the load current magnitude. Therefore, these constraints would potentially increase
the size and total cost of theomponents. Another robust safvitching
implementation was performed i87 with instantaneous power feedback scheme.
This method incorporates three auxiliary resonant commutation circuits, each for one
phase. Harever, overall six switches along with their individual gate drivers, six diodes
and three resonant inductors are used specially for thewidéhing circuit, which
increases the total additional component counts and losses. By addressing these issues,
apassive noftissipative snubbdrased sofswitching techniqued8] was proposed in
a singlephase boostype thredevel converter. However, it is very challenging to
extend this approach to a thyplease sixswitch PFC due to the fact that this soft
switching based auxiliary circuit was specifically developed for theeel converters.

In our work published ing9], an innovative sofswitching approach is proposed
to dleviate the aforementioned issues of existing methods. The proposed ZVS strategy
uses three additional bidirectional switches and one resonant inductor, as a part of the
auxiliary circuit. Requirement of an additional resonant capacitor is avoided by
accessing the midpoint of the output DC link. This could be easily implemented by
putting a series combination of two equal capacitors across the DC link. In order to

achieve ZVS while switching transient, the parasitic capacitance of the corresponding
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main-switch is discharged by the resonating current, caused by the resonant inductor
and one of the two series DC link capacitors. A major advantage of the proposed soft
switching circuit is that ZVS can be achieved in the auxiliary switches, which
significantly reduces the extra losses from the -addsystem. However, since there
could be a potential issue of mismatch in equal voltage sharing across two series
capacitors, a voltage balancing method is incorporated by some additional
modifications in feedback cal loop, which requires voltage sensing of any of the
two series capacitors by a simple resistive divider network. Tissertation
elaborately describes the active clamping ZVS concept in-flitage sixswitch
structure, followed by gradual reductiom iedundancy in the initial se$witching
structure, in order to reach to the modified proposed structure with three switches and

one inductor.

2.3.1 Proposed Sofswitching Circuit for a Thre®hase Boost PFC
The proposed se&witching methodologys fundamentally based on ZVS active
clamping in a boostlerived topologyndFig. 216 represents ZVS configuration for a

regular DGDC boost converter

A
L on | | on | o
DOTs

oN [on] [on,

- ZVSpath of S,
(b)

Fig. 216. ZVS active clamping in a regular BQC boost converter
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Fig. 216shows aractive clamping in a regular BDC boost converter, which uses
one resonant inductor, one resonant aetigenping capacitor with clamped voltage
Vc and one MOSFET, as a part of the auxiliary ZVS circuit. In the aboweitcine
order to achieve a ZVS tw@N of &, the gate pulses & and S must be
complementary to each other with a fixed déatk. The auxiliary switcls is turned
off before turning offS; or turning onS, which is demonstrated in Fig.42(c). Once
S is turned off, there is a resonance betwae@; andCe (i.e. the parasitic capacitance
of S). Due to the charging resonating current throGgh the blocking voltage across
Cpr Will reach Vc+Vpc within a certain interval. Eventually, the voltageross the
parasitic capacitor o will fall down to 0, which will result in ZVS if the pulse is
applied toS after the complete discharge of parasitic capacitan&. @n the other
hand, onceS turns off andS, turns on, there is a parasitic resocgnhappening
betweenL; andCp with the active clamped capacitan€®)(in series path. Within a
resonant cycleCyr gets discharged fully and ensures the ZVSSdoefore the next
turnon pulse. Thus, ZVS of both main and auxiliary switches can bewaththrough
this method. Similarly, another auxiliary circuit could be added to the main circuit in
order to achieve ZVS fds. Thus, a complete ZVS structure fob&-DC boost leg,

consisting of two active switches, can be achieved.

Thereby, the activelamping ZVS concept could be extended to a tptesese boost
PFC, as it consists of three coupled-BC boost converters with the same outyut.
Fig. 2.17(a) represents one phase leg consisting of two switches, connected across the
DC link and Fig.2.17(b) and Fig.2.17(c) demonstrate the combination of main and

auxiliary circuits for achieving ZVS for both andS. Fig.2.17(b) represents the ZVS
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active clamped phadeg, directly obtained from the extension of a reql&-DC
boost leg. Sincd,, Ci1, S1 andS form a loop and.r2, Cr2, S2 andS; form another
loop structure, Fig2.17(b) could be restructured to Fig.17(c) without any loss of

generality and symmetry.

@ (b) (©
Fig. 217. (a) One phseleg (b) one phaskeg with ZVS circuit (¢) one phadeg with modified soft
switching circuit
Prior to turning ONS, the discharge of th& parasitic capacitor happens through

the parasitic resonance, caused.-hy, Cr> and the parasitic capacitanakS2, shown
in blue dotted line in Fig2.17(c). The pulse could be applied to turn®mwith ZVS,
after the voltage acroSe becomed/pct+Vez, whereVezis the clamping voltage @r..
Similar operation is followed for turan process 0%, which isshown in red dotted
line in Fig.2.17(c). Same replica of the ZVS phasg, shown in Fig2.17(c) could be
used in the ZVS structure of all three legs in a tple@#se boost PFC, which is
demonstrated in Fig2.18(b). The whole structure consists of aduial 6 resonant
inductors, 6 resonant capacitors and 6 switches, as a part of the auxiliary circuit.
However, in order to reduce the total component counts in the auxiliary circuit, it is
very crucial to find out the redundancies in the overall strucAge&an be seen from

the structure in Fig2.18(b), there is star (Y) connection of two pairs of three arms,
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where each arm consists of a series combination of a resonant capacitor and an auxiliary
switch.Z:+ denotes one of the 6 arms, which is a commnatf C;1 andS1. The two
common points of the star connections are positive and negative terminals of the DC
link. By some algebraic modifications, the stannected impedances can be converted

into a delta structure, where the arms will be conneatalden lineto-line (A-B or B-

C or C-A). However, the values of the equivalent delbanected impedances will be
different from staiconnected ones, which will give us a different combinatioh,of

andC; for each switch. The transformed circuit is shawig. 2.19(a).

Three-phase legs

p
------------------------- SHySHE Sy el SAr
.l é—Bl Cr4 I—rCl Cr6
A i Lea2 Lic2
; _{ rl
Libuga %% ﬁé}}s
: N

"""""""""""""" (b)

Fig. 218. (a)Threephase legs (b) Thragghase legs with first modified sedtvitching auxiliary circuit

ZVS path (S1;
path (S1) p

Sy Si Sa J@ , §
C&—E}EI—JEQB 3 CMT:7<

R F‘l %b{“
& sq

‘ZSqa Lrsz LrCZ

=

Va0 |

IS A ()
o ZVEPER )

Fig. 219. (a) Secod modified softswitched thregohase PFC legs (b) Third modified seftitched

threephase legs with reduced number of capacitors

As can be seen from Fig.19(a), the terminals of dekeonnected switcltapacitor
combinations are connected to either pesi{P) or negative I{l) side of the DC link
output. As an example, if either 8f or S is ON, the corresponding terminal &f o
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will be connected to P. If either & or & is ON, the corresponding terminal & &

C: 2combination will be tied tdl. It physically means that the resonating current during
the switching instant will either take the path fréhto N or from N to P. Therefore,
instead of using six switebapacitor combinations, only three swicdpacitor
combinations will suffice the required purpose, if one end of each seafghcitor
combination is connected to a midpoiM)(of two equal seriesonnected actir
clamped capacitorsC{yr and Cvs) across the DC link. In that case, the resonating
current will take the path frofto M or M to N. Another terminal of each of the switch
capacitor combination will be connected to the midpoint of each phase leg, where th
resonating inductotsii, Lri2 ( w h ei®@ &iprdB dr C) are placed symmetrically around
the midpointsA, B, C. Thus, the restructured auxiliary circuit with ZVS active
clamping, shown in Fig2.19(b) contains 3 less capacitors than the initially pszul
circuit in Fig.2.18(b). One of the most important design parameters is the discharge
time of a parasitic capacitor of a main switch, which will help in determining the
required deadband between any two complementary switches. Th&wgofting
dynanics of the circuit in Fig2.19(b) is demonstrated by Eq. 82) - Eg. 2.39), in

case of achieving ZVS f&. In the following equation$; denotes the current through

Lra andVcra denotes the voltage across auxiliary swiggh

i dt dt
L g R Ve RS (2.34)
dt C 2 Con
di,  A:At v, >
rA27+ :7+VCrA ( 35)
dt Ceq 2
d?i i
Liaz dt22 + Cz = (236)

eq
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(1) = 2 singuy) (2.37)

TA2

Ceq
Y/
Vo) =22 - Ve, 0 costi) 239
1 ) \Y/
tZVS = Wo (COS 1(1' Z\/L:A (239)

where,¥o0=1 /(L&a2Ceq); Ceq=CCra/(C+Cpa), andtzvsis the full discharge time @@epa.
Furthermore, during the switching interval, the resonating current either flows through
Lz or Lri2, depending on the switch under ZVS and the same current flows through the
switch-c apacit oriétbhhr apcds oef Dherefor e, It is st
resonating inductor in series with the swigdpacitor branch and thus, the modified
structure in Fig2.20(a) is obtained. Moreover, since no two switches change their
states simultaneously in a symmetric SVPWM strategy, any one of the three switch
capacitor resonant branches will be active at a particular switching transient. Therefore,
the three resonant inductors could be potentially replaced by a common branch of
reonant inductor between the DC link midpoikt)(and the intersection point of three
active clamping branches.

Similar analogy can be applied on the resonant capadiievSds, Cic) and thus,
these capacitors could be integrated with@e and Cvs, asthe resonating current
through any of three active clamped branches flows through €lthesr Cug. After
all these modifications, the finally obtained ssiftitched thregohase leg, shown in
Fig. 2.20(b) contains three additional switches and one reganductor [Lres). The
extra component counts do not include the capacitws, (Cuvg), as they can be

potentially integrated as DC link capacitors. Since the resonating current through the
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additional auxiliary branch could be bipolar, a MOSFET is théemed switch. Thus,

the ZVS of a complementary pair of main switches happens through the same auxiliary
switch. Fig.2.21(a) and2.21(b), showing the complete structure of the -svfitched
threephase boost PFC topology, demonstrate the ZVS occurren& afd S,
respectively. As can be seen from the ZVS current path in both the cases, the direction
of resonating current flow through the auxiliary switch gets reversed in the case, when
the complementary main switch turns on. As soon as the main swnitshaff, ZVS of

the auxiliary switch is achieved through the resonance within a tiléwfux, where,

¥ aux iS the auxiliary resonant frequency caused_Ry Cus or Cut and the parasitic
capacitance of the main switch, which just turned off. In order to have a better
mathematical understanding on the dynamics of the resonant elementZ\W ile

some relevant timedomain relatioships are demonstrated by Eq4@-Eq. (247) in

i %

Fig. 220. (a) Fourth modified sofswitched thregohase legs (b) Final proposedtsswitched structure

the following subsection.

of threephase legs

54



SEfit. SR S L

C .
Ay LA MTcwr|
~rn B MEIAS Voc
0 l C f_i5|Coc
Van |VerVen s, o SrBJJE- S(q%é:/\ 2=
Shiig 1 YMH {8
L s I =3
] St | SRR | dope g2
C“F:'Z _>\AMI_
irs Lr&s
@
ZVS path (S1) —»- P

b ESBJ%%_I J—l

i} ,LYW\A E"“- CM iC T +
o, B, M ~ Voc
C CDC_

l A
VAn VBnVc L ‘f
SARTC.. SBJ% Sqﬁ'%qﬂ icfs
SER, SEf | s
<te N
(b)

Fig. 221. Final proposed sofwitched 3phase boost PFC structure (a) ZVS patBp0h the finally
proposed sofswitched structure of thrgghase PFC (b)\ZS path ofS, in the proposed sefwitched

PFC structure

2.3.2. Design Considerations

|. Selection of Parameters:

ﬁ“"\dt +L dires + ﬁCMBdt + ﬁfAdt =0 (240)

CPA e dt CMB CPZ

Since, S is ON during the discharging time @p. before the fuldischargetime

expires, Adt he Ybg delethende,ahe following relationships could be

formulated.
ﬁrAdt + Lres dires _ ﬁires - iCMB)dt -0 (241)
Con dt Cur

Combining Eq. (20) and Eq. (21), a relationship betweens and icvs can be

established according to EQ.42)-Eq. (243).

ﬁresdt _ ﬁrAdt (2 42)
CMT B CP2 .
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i =S (2.43)

From the two possible parallel paths betwdérand A along the flow Ofires, the

following equation can be written.

iCMB = ires }/VK:MT
}/WCMT +}/WCMB +}/MCPA

If the design is carried out with the constraint that the active clamped capacitances i.e.

(2.44)

Cwut andCyg are significantly larger than any parasitic capacitanc€isg>>Cpa and
Cwms>>Cpa, EQ. (244) implies thaticms can be neglected witlespect tares Thus, EQ.

(2.13] can be restructured as the following.

dt i
ﬁres + Lres dlres -0 (245)
Cen dt

where,Ceq= (Cut*Cpr1)/(Cr1+Cp2). Applying the initial conditions i.eire0)=0 and
VcrA0)=Vpc; the following expressions for resonatewyrent and draksource voltage

of & are obtained.

i,(t) = Vom sin(w;t) (2.46)
res Ceql
Ve (t) = \% cos@yt) (2.47)

Therefore, the time for complete discharge of parasitic capacitaSgstfvs="/(2 ¥),
where¥ =1/ &.{Leq). The design of the resonant elements should ensure that the
maximum total discharge timéz(9 is more than switch turan time, to avoid short
across DC link. Howevetzvsshould not be kept very high, so that the diodss lcan

be minimized. In our desigiyvsis kept as 100ns, which is just more than the-@inh
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time of the selected main switch (part number: CMF10120D, SiC MOSFET) and
hence, the resonant time cycle is set 400ns. By combining this condition with the
assunption thaty, >> ¥s (¥s switching frequency 2 ‘s, fwherefs=100 kHz in our
design) in order not to pass the switching frequency component through the auxiliary
resonant circuit, the selected combination of resonant elements are as follows:
Lres=0.8uH; Cme=Cmt=Cm=20nF, which satisfy all the requirements. This
combination of LC parameters will produce fays of 100ns and ¥aux

=1/ &+44Cwm||Cr2))=50MHz, which ensures the ZVS of auxiliary switch within 20ns
from the turroff of main switch.

Furthermore, in order to findut the current rating of the used auxiliary swiiea,
needs to be expressed in termsiofnd other system parameters. Assuming the
switching transient whe8: is ON (about to be OFF} is OFF (about to be ON) and
Sa is OFF, there are two parallphths (fromA to M) foriat o f | ow. Let 6s
impedances arg; andZ,, which are given by1=1/(¥ Gut) andZ>=(¥ Lest 1 / salC
Therefore, the resonating currenfeg flowing through the auxiliary switch and

resonant inductor is given by the following relationship.

oo = oD, = (2.48)
Zl + ZZ CMT M/ZL CPrA +1

Since,LresandCpra take part in a resonamavith a fixed frequencyy, the resonant
current expession can be reframed as Eg4€®. under the assumption that >> ¥s.

ires = _CPrA iA o] CPrA iA (249)
Cur 1+ w Cur

2
W

Since, the parasitic body capacitance of the main switch is significantly less than

Cwr (design assumption), the resonant current magnitude is much lower than the line
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currentia. The fact thatres<<ia, could be also used in justification of not distorting the
input phase current. Therefore, >> ¥s condition does not allow the switclgin
frequency component of input phase current to flow through the resonant circuit, and
hence, maintains the input current waveform at the desired shape i.e. in phase with
input voltage. According to the calculated valu€gaf, the magnitude dfes would be

less than 3A, at 2.2kW load power and 400V DC link voltage (design condition). As
can be seen from the proposed sofitched structure of thrgghase PFC, the
maximum voltage stress across the auxiliary switch can go as high as half of the DC
link voltage, if there is equal voltage sharing betw€gn andCyvgs. Considering all

these rating requirements, 600V Si MOSFETs (IXTP1ON60P) are selected as the
auxiliary switches and SiC MOSFETs (CMF10120D) are selected for the main

switches.

Il. Voltage balanmg at DC link midpoint:

One of the most crucial design issues is to ensure the equal voltage sharing between
Cwvt andCws, in order to use the half of DC link voltage as rating for the auxiliary
switches. This could be achieved by sensing the voltagesaeitteCvg or Cut, and
regulating their voltages &bc ref2. Therefore, a Pl controller is added in the voltage
loop for regulatingvmn and the controller output is added to the output of DC link
voltage PI controller, shown in Fi@.48. Thus, the multed sum acts as a trans

conductance for the current loop control.
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Fig. 222. DC link midpoint voltage balancing logic of a thrphase PFC

2.3.3. Experimental Results

As a verification to the prasal softswitching methodology, aexperimental
prototype of a threphase active boost rectifier is designed and developed. With the
consideration of power density and efficiency, the switching frequency is selected as
100 kHz. The sofswitching controhlgorithm is implemented in TMS320F283%45(g.
2.49shows the steady state operation of the PFC converter at 120V, 60Hz AC input at
a DC link voltage reference of 400V with 6.18A phase current RMS. Also, the
experimental results exhibit an input currerti of 5.2%.Fig. 2.50shows a deadtime
more than 100ns between the fall of dragurce voltage of a main switch (from 400V
to OV) and the rising edge of its corresponding gate pulse logic, which confirms the

Z\/'S operation of the switch.
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Fig. 223. Experimental waveforms of the convertghase currentsa (RMS) =ig (RMS) =6.18A
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Fig. 224. ZVS of a main switch: draisource voltage of:Sgate pulse of S

With the ZVS implenentation, total power loss reduces by 40%, giving rise to the
efficiency value by 0.7%. Moreover, if St MOSFETSs are used for the main switches,
the increase in efficiency will be more significant with the soft switching
implementation. For example, if k¢ Si MOSFETSs (part no. IXTH12N120) are used
for the main switches, the totairtron loss at BW load power is OW (55% of total
power loss), with a net efficiency of 97.2%. With the sofitching, this efficiency
could be potentially increased to 98.54iich is greater than hard switched PFC with

SiC MOSFETSs. Also, as opposed to [5] and [6], this proposed auxiliary resonant circuit
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with reduced number of active semiconductors enhances the converter performance

further with 2% more efficiency improvement

2.4 Summary

In this chapter a novel control methodology, which derives and sets forth the
injection of a commoimode or zero sequence duty ratio term to each linearized current
controller output of a threphase active boost rectifier, is proposed,|yzea and
developed. This additional terseen at Eq. (2.1&)as the advantages of enhancing
power quality and reducing harmonics content without requiring any access to the
source neutral. In addition, an innovative methodology to control the pisesssPFC
with eliminating two input voltage sensors is proposed and analyzed. A 6kW
(continuous)/10kW (peak) laboratory prototype of a tiplease active boost rectifier
is designed with the specifications of some of the RTRUs in future MEAS.

The threephase ative boost rectifier was tested in a wide range of load powers up
to 10kw and a 400Hz, 230V RMS phaseutral AC input voltage at a switching
frequency of 100 kHz. A maximum efficiency of 98.2%, a THD as low as 4%, DC link
voltage ripple of 1% and an inpypower factor above 0.999 are achieved in the
experiment at the rated input voltage and 10kW load power. Furthermore, the
effectiveness of the proposed control is illustrated and supported by experimental
results at different source frequencies of 400K &00 Hz, which could be a usual
situation in airplane generators. Thus, the proposed control with precise modeling along
with utilization of SiGbased switching devices enable the PFC prototype to satisfy
high-end conversion efficiency, good power qualiow THD, and enhanced power

density
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Also, in this chaptera novel softswitching methodology is introduced and applied
to a thregphase sixswitch boost PFC topology. The auxiliary resonant circuit to carry
out ZVS in the mairswitches consists of tee bidirectional active switches (preferably
MOSFETS) and one resonant inductor. The major advantage with the proposed circuit
is the softswitching achievability in the auxiliary switches, which definitely reduces
the additional losses in the add cirauit.

An experimental prototype is developed to verify the puafedoncept of the
proposed circuit. Experimental results with the sefttching implementation show an
increase in conversion efficiency by 0.7% (from 98.2% to 98.9thout
compromising thenput power quality. Furthermore, the seftitched thregohase
boost PFC converter with-BMOSFETs (IXTH12N120) shows a conversion efficiency
of 98.5%, which is even greater than the efficiency of a hard switchedaSisti

converter with similar specifations
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Chapt é€rasB:-uspt awitde 1 nput frequen

t hrpeghease boost PFC

One of thanajor concerain any converter as a part of auxiliary power supply unit
is the starup action Fast startup is quite important in many applications toraative
and avionics industriegchieving faststartup becomesghallengingespecially when
another simultaneous objective is to limit the inrush current below a certain level, due
to the device rating limitationA fast startup operation in a switchin@C-DC
convertercan be achievedsing an additional circuit consisting of two extra switches
and a capacitoss shown irf59], which introduces extra size and cost to the system.
Until now, few research worksavebeen carried oudn startup control methods of the
Y-connected threphase PFC systeni§0-62]. One possible reason for the lack of
focus on startup control in the reseeln community could be the perception of
straightforward application of the stanp control algorithm for singiphase PFC$p]
into threephase systems. However, the thpdw®se implementation is far from being
straightforward due to its complex structure, more number of switches, more voltage
sources and hdirectional nature.

Furthermore, a twstep procedure comprising of (i) limiting the prearging
current by utilizing SCRand (ii) modifying the conventiorlaaverage current loop
control is utilized in a threphase AC system to achieve fast stgrtwith reduced
inrush B0. However, limiting the phase current requires extra hardware including
resistors, power diodemnd mechanical relays, which adektra sizeandcost to the
system.Furthermore the method ingq0] does not consider the constraint of faster

settling of the converter. In additiothe current spike during staup inrushcurrent
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limiting method proposed if6[)] can be reduceifiduty-cycle feedforward is employed
in the current contreloop design. Furthermore, a novel ssfart control in ¢2]
outlines a closetbop compensation method to increase the-siainput impedance
of an isolated threphase threswitch bucktype rectifier. However, the proposed
method in $2] does not accau for minimizing the startip time i.e. faster settling,
which may be an important requirement in many applications.

A few other key considerations for PH@sed systems in avionics applications are
to maintain the regulation and stability in a wide seufrequency range (typically
360Hz to 800Hz for avionics applications) and also, to keep a fast reference (phase
current) tracking under any disturbances/transients in load power and line voltage. In
most of the conventional PFC controller designs, tpatiphase angle displacement
deviates from zero i.e. unity PF does not prevail with wide change in AC frequency as
the corresponding closed loop Bode plot does not mairgaifiat midband
characteristic However, there has been hardly any research wardkkirlg into the
problem of designing a PFC controller working at a wide source frequency range. One
possible reason for neglecting this problem is the perception of achieving unity power
factor at any source frequency as the magnitude of the input fregseray small as
compared to the current loop bandwidth, which makes the phase response a constant
zero at low frequency zone. However, the research in dbicument proves
mathematically and validates experimentally that a conventi®noglortionalintegal
(P1) compensation cannot maintain thercphaseresponse at wide input frequency

variation.
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Several research works focusing on the current loop compensator design have been
carried out to resolve such PFC regulation issues and power quality impravéme
[63], it is shown that output voltage settling rate as well as input current quality can be
improved by appending Proportional (P) compensation with input voltage feedforward
rather than using a dutycle feedforward only. The research 8] shows that zero
sequencssignal (ZSS) injection enables the output voltage regulation in a wider input
voltage range and helps enrich the input power quality by reducingtéhéaomonic
distortion (THD), which have equivalent performances as different continuous and
discontinuous space vector modulation methogh|i[68]. Moreover, dutyfeed
forward (DFF) is mostly employed when current controllers with Pl compensation are
used to reduce the phase shift between a phase voltage and phase current, and
consequently, improve the PBY. However, the contiters in the aforementioned
methods §3-68] are designed to ensure unity PF only at a fixed source frequency. Also,
the stability of the inner current loop ir6p] is not guaranteed under wide change in
line/load conditions and the method i89] does not aim for optimizing the settling
time for reference tracking under a load transient.

The control strategy, proposed ir¥(] establishes an output voltage loop for
regulating the output voltage irrespective of the variations in load current and utility
voltage and also, offers a fast dynamic respons#® @nity PF at all operating
conditions. The work in70] proposes a nehinear sliding mode controller (SMC) to
achieve faster settling transient. In addition, the average current mode control with or
without zeresequencesignal injection is proposed in many research worlts fvhich

mainly emphasize on reducing the input current THD by compensating the lower order
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odd harmonics. However, the current loop compensatorsost of these average
current controllers exhibit Bode plots with phase angle displacement, not held at zero
degree throughout the operating range of source frequencies (360Hz to 800Hz in case
of avionics applications). More research works, proposedY%| discuss different

PFC control methods in establishing a widandwidth current loop and reducing the
overall harmonics. As these methods are highly specific to tttdiopologies, none

of these methods is applicable to asmitch PFC.

In order to take care of the two aforementioned issues, two major aspects in terms
of control of the converter i.e. (i) fast stagy operation with a new voltage loop
compensationand (ii) good power quality and improved dynamics through the
proposed current control loop have been individually achieved, which makes it an
integrated control strategy in terms of implementation due to satisfying both the
objectives simultaneously. THiast starup, proposed in our workL4] is achieved by
establishing a nofinear voltage loop controller, objectifying to minimize the cost
function considering the area under voltage error versus time curve. This is proved to
be the equivalent as miniming the overshoot (or inrush phase current) as well as
setting time. One major advantage associated with this approach is that no additional
hardware or auxiliary circuit is engaged unlike many other existing technologies. It is
proved that minimizing theost function helps in reducing the reference phase current,
which in turn reduces the current stress through semiconductors. Furthermore, it is
proved that zero phase angle cannot be achieved throughout a wide frequency range
using a conventional Flasel compensator in a sswitch PFC plant. Therefore, a new

structure of current loop compensator is deduced by keeping a second order equivalent
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closed loop system with flat mioand frequency response. In addition, in order to
achieve a faster tracking ofput phase current reference, a modified state feedback
controller is designed and its output
generate the final duty reference. Thus, the integrated control strategy combining both
the voltage and current epensators is digitally implemented and verified with a
proof-of-concept of a &W laboratory prototype.

The major control objectives are (i) to minimize the stgrtime with minimum
inrush current (ii) to achieve perfect unity PF at the entire rangewte frequencies
(360 Hz to 800 Hz for avionic applications) and (iii) to achieve fast tracking of

reference phase currents i.e. faster settling under any load or line transients.

3.1 Fast starfup PFC control with minimum inrush current

First objectie i.e. fast starip performance with minimum inrush current is
realized by introducing and implementing a Aimear voltage loop controller. It is
analytically shown that the inrush current increases as theugtaiine goes down.
Therefore, an additi@t constraint of limiting the magnitude of inrush current below a
certain safety limit (depending on the applications and device ratings) is applied besides
the stardup time.

The expressions for the stamp time and the corresponding phase current are
obtained from the outer DC link voltage controller loop analysis. The reference output
current is generated by multiplying the DC link voltage PI controller output with a
constant gaing) and the DC link is charged by the curreptwhich makes the plant

as1/sC Laplace domain analysis gives us the closed loop voltage transfer function,
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shown belowKpy andKiy denote the PI controller parameters for the conventional DC
link voltage control loop.

VDC (S) — K PVS+ I<iv
Vee (8) (s°C+sK,, +K,)

(3.1
Given that théDC link voltage reference¥pc* is a constant valugset at 650V in our
design) inverse Laplace transformation would provide us a time domain expression for

the actual DC link voltage.

Voo (t) =Vpe [1- expt st)sin(ut +/ )] (3.2
K.
Where,s = K%C andw = % 4_32. 3.3

A straightforward way to reduce the settling tinge ¢ould be to increase the value
of Kpyso thatexp €0t s ) (fer®% Bekling band), which implias$3. However,
at the cost of reduced stanp time, theequivalent phase current reference gets
substantially scaled up. The DC voltage controller output (i.e.-tanductance) is
directly proportional to the phase current reference, established from the power
balancing relationship. Also, upon setting a leigKo, t he w@l!| uepcroda soe s

proportionally.

Vv 2g VDCZ(Kp(\/DC - VDC*) + Ki ﬁ\/DC - VDC*)dt (3 4)
2 VA <Ts> .
Vo g=pin Y ix= 3?\; = eV, T

An An

Therefore, with a requirement of fast settling of DC voltage, both the current reference
and actual current go highedne of the major objectives is to keep the stgrtime
below 5ms and stattp transient phase current below four times the steady state RMS

value in a thregohase sixswitch PFC converter, operating nominally at 400Hz in an
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auxiliary power supply unit for avionics applications. During the starbperatia, no

steady state analyses are valid and PFC operation does not hold, which requires us to
consider the instantaneous converter dynamics for detailed analyses. Moreover, since
the objective is to minimize the overall stag time, the minimization costifiction is

defined as a linear combination of the sum of error in output voltage and the cumulative
sum of error square of output voltage, which is expressed i8B}).16 the expression

of J, the error is squared so that absolute values of the deddtimm the reference

value can be accumulated as the error can be bipolar in nhtleaotes the voltage
controller output i.e. an equivalent tracmnductance to the all three phases, shown in

the voltage controller block diagram in F&j1

Voltage controller outpu
J

Modifiedrioninear voltagée controller

Fig. 3.1. The proposed voltage controller

Faster settling indicates lower area under vokager vs time curve i.e. lesser value

of J, as demonstrated clearly in Fig.2 Lower the settling time and lowehe
deviations from the reference voltage value would imply less shaded area under the
error voltage Voc - Vbc) curve. Also, less starp current requires a lower phase

current reference, assuming a constant current loop gain, which impliesllower

0 VQ 0. QQb (3.5

>v
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Y

time (t)
Fig. 32. A typical waveform for the DC link voltage settling

where,e= Voc - Voc. Thus, the overall voltage controller behaves awmlinear
function of the error in the output voltage. The above expression can be intuitively
judged from the fact that minimizing the stag time is equivalent to minimizing the
area under the second norm of error in output voltage plotted agaiestTine first

term in the expression dfdenotes the weightage to reduce the steady state error to
zero. The individual weightagéd$; and Kz are determined from the following two

conditions.

0) d%t: OatVDc: Ve, which produces the fallving expression.

0Q VQ UV, —Q Qo0 my — (3.9

Thus, the interdependence betw&earandK: is formulated by the above relation,

using the DC voltage sensor datad calculatingy= Voc - Vbc.

(ii) It is our target to maintain the J at its optimum value J*. Therefote,

mtholds at all values dfpc. If Voc >Voc' i.e.J>J*, the aim should be to make6 s®

that both the voltage error and the cumutasquare error values decrease over time
and viceversa holds. Multiplication ofJ-J*) andJ @s computed online with the
updated values of the output voltage at each switching cycle and refreshing the
cumulative squarerror value.
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VL GO 0Q 0, QQO U 0VQ ¢QQ LQ LULQ
LU Q@ Q. QQO6 UQ ¢ 'Q, QQon (3.7
The opimum J* is calculated imposing the constraints tat= Voc (at steady state)
ande~= Vpc'exptt /, whereUis T3, assumingls as the 5% settling time. The set
requirements in the variation of the error voltage are that (i) there is no DC linkevoltag
overshoot to minimize the staup current. Therefore, the reference shape of the DC
link voltage is assumed to be fastder exponential RC rise. (i) AtTs, the error

voltage reaches within 5% settling band. Therefore, the net expressién(aifthe

steady state) stands out as follows:
T KNVo T KVo T,
J* =K, Ve exp(—Z/t)dt:Ts(l- expt 2T /t))° TS (3.8

The DC voltage controllerds i ns@amt aneous

K- effectively behave as the controller parameters.
* t *
J =K, (Voc -V + K, f{Voc -V ,0)7dt (3.9

Thereby the coefficientK; andK: are selected by following the relationships in Eq.
(3.7 7 Eq. 3.8) after replacingl* from Eq. 8.8) with a preselected staitip timeTs,

which is targeted at 2.5 ms (one line cycle) in this design. Therefore, in order to
estdlish a timeoptimal control for the DC link voltage starp, the conventional Pl
compensator is replaced by the new controller block, which generates the active power
reference equivalend) as presented in EB.Q). At steady state, output voltageaarr

becomes zero, and value of the expression J remains constand i=.0
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3.2 Wide input frequencygurrent loopcontroller design for thregphase

boost PFC

The current loop compensator consists of two major parts with two different
objectives i.e. stateeédback controller for fast reference tracking and a second order
linear compensator for ensuring unity PF oaevide input frequency range. A state
feedback based controller in cascode conjunction with a2ypear compensator is
proposed for fast tcking of phase current reference under load transient, input line
disturbance rejection and enhancement of the current loop bandwidth. A major element
in order to establish the control strategy is to formulate the small signal plant
characteristic of a teephase sixswitch PFC, which is performed in details in Section
3.2.1. The self and cross transfer function obtained from preceding analyses are

presented as follows.

Di,(s) N -[(A- r)+ST]
Tself (S) = A = == (31@
D () aLg(r++ (- DST/)
- DiL(s) — Npcl(1- 1) +5T] (3_1])
Dy (8) - 3L(3- 1) + B+ 1ST )

TCI’OSS(S)

where,g6can vary from 0 td+h, whhér dedaotes the maxi mum ri
on the nominal DC link voltage.
3.2.1 State feedback control for fast reference tracking:

In order to design the stateedback controller, it is important to establish the state
space representation of the thpFease sixswitch PFC converter. The set of governing
currentvoltage relationships averaged over a switching cycle is represented in Eq.

(3.12 7 Eq. 8.13, which utilize the relatioVm= (darr+der+dcr)* Vod/3.
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di o di d,, +d., - 2d
Van = Ld_? +du Ve Y Ld_? =V, +—H—4 AV (3.1
di d,, +d., - 2d
G oy o o ey (313

The capacitor current expression is obtained by subtracting the load current from the

sum of top three swah currents, presented in Eq. (3.14

5— QM Q2 200N — Q Q0 N QO O 0 —
(3.19

Noting the above state equations, two phase currents)(and the output DC link

voltage are considered tme the state variables of the system Xelia is Vbc].

Therefore, the state space representation of the systers A X HSBdiven by the

following expression, where the input voltages are considered to be inputs to the

system.
ge 0 0 dBH +dCH - 2dAH 8
& 3L 0
A=% 0 0 dAH +dCH - 2dBH o] (313
® 3L (¢}
Ry - Aoy dgy - oy 71 0
e o]
¢ C C RC +

Duty ratios act as the contAbolmavtariixa balneds ,t h
make the system as linear time varying (LTV) in nature. Consequently, the overall

small signal stability of the system needs to be judged locally ar@etdaperating

point in order to check the system response against any line disturbance or load
transient.

In the proposed control structure, in order to enable faster tracking of current reference

and to perform line disturbance rejection, a small sigon& component is added to

the |l inear compensatorés outoput. This smal
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combination of the small signal changes in state variable feedback i.e.

o dr=K a10pA+K a2pi+K a3gp ¥e. Assuming zero perturbation in the input voltages, the
frequency domain Laplace transformation gives us the followstgd ) o X=(0slp

order to ensure the asymptotic small signal stability of the closed loop system, the
eigervalues of §I-A) must lie on the left half plane and accordingly, the state feedback
parameters are selected. The characteristic equation for the closed loop system is given

by the following.
s’ +as’ +hs+c=0 (3.16

where,a=1/RC,

b:dBH +dCH - 2dAH 3 dAH - dCH _ dAH +dCH - 2dBH 3 dBH - dCH .
3L C 3L C (3.17)
_4d,,dgy - 4dg,dg, - 2dA2 +2d82
3LC

Where, the top side MOSFET duty ratios are derived through addition of linear
compensatorsodo outputs and $eedbdcK congalleg n al
outputs i.e.

Q Q Yo Q 0 Ya o Yo u Yo and Q Q

Yo Q o0 Yo o Yo o Yo

In order to ensure all the solutions to be negativefail@ving relationships must hold

by RouthHurwitz criterion a>0 and ab-c>0 i.e. b>0. Applying the detailed
expressions for the duty ratios, the stability conditions are restructured as follows:

1/RC>0 which always holds trueand ¢Q Q ‘Q , which implies the

following:
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¢cQ 0 YQ 0 Yo 0 Yo Q Q o0 0 Yo o

0 YQ 0 U Yo (3.18

The second coritibn implies that ifda>ds in a switching cycle2dcy>dan+dsn has

to hold true i.e. ¢4 must be greater than the arithmetic meandgi & dgn.
Alternatively, in a switching cycle iflai<dsn holds, dan+dsr>2dcH must hold true.

After confirming the closedtbop state feedback stability, the pole placement method
can be applied to obtain the characteristic polynomial. At any load or line disturbance,
the settling time varies inversely with the pole magnitudes. Comparing different
coefficients of the plynomial with Eq. (3.1%, the controller parameters can be
obtained.

Furthermore, one of the important concerns is to check the small signal stability of the
converter against the system disturbances. Hence, a vital step is to determine the
equivalent closed wrentloop transfer function considering both the linear
compensator and stafeedback controller. From the feedback control structure of

phase 0A6, 3.8 thefellowing exprdssiog can be written.
[C(in - ia) +Ddpg]G =iy (3.19
where, P d swis the additional duty added from the state feedback compensator, which
is given by:pdsmw= Kipa, considering zero variation in other two state variables. In
@ d o rpa i()7Kai(1-2)ia(z) follows that the bilinear transformation wid
give us the following.
Dd, . (S) =K S—Ti S 3.2
asnlS) “esT] O (320

AssumingT(s)=KaisT/(1+sT/2) the following is obtained.
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(9 _  G(CE)
(9 1+G(C(9)- GOIT(S)

(3.21)

Also, if an undesired PWM disturbance arises due to sensor noises or digital glitches
it is shown that the noise amplitude asymptotically dies down to a very low value at
steady state with a proper selection of controller parameters. In order to determine
output (i.e. phase current) to disturbandgt(ansfer function, the reference current

amplitude is assumed zero. Equivalent transfer function turns out as follows.

i) G _ H(s+2x)(s+2) (3.22
h(s) 1+CG s(s+p)(s+2xa)+K_ H(s+2)(s+2xa)+Hs(s+ p) '

With a unit step disturbance noise, the translated impact on the measured phase current

amplitude insteady state can be obtained using final value theorem in Laplace domain.

. . e e sh(s)G(s) _,. G(s) 1
lim_ . (i,(0) =lim o (slA(s) =limg T+ C(G(S) limg o 1+C(96(5) K.
(3.23

Therefore, by prdixing a large value oKaz in the poleplacement process, the impact
of noise disturbance on the phase curcantbe made negligible. Thus, it clearly shows
that the proposed control scheme enables disturbance rejection from PWM input as
well as fast tracking of reference, which is clearly validated by the experimental results
with transients, presented in Seat®4.3
3.2.2 The proposed linear compensator:

With respect to the derived plant characteristics, there are two following typical
regulation issues associated with a Pl compensator: (a) the phase displacement angle
between input voltage and current & maintained at zero over a wide range of source

frequencies (360Hz to 800Hz), and (b) the gain of the transfer fungiii(s) (input
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current to its reference) is not maintained at unity i.e. the transfer function characteristic
is not perfectly flabver the input AC frequency range of 360Hz to 800Hz. These two
issues would cause undesired reactive power flow towards the load and lose the phase
current regulation. Therefore, the proposed strategy brings in a modification in terms
of bandwidth enhanceemt and shaping a flabp gain characteristic. The overall
structure of the control block diagram is shown in Bi§.

Voltage controller

©
J dow  Blsna
8 L‘+ Yt
A(stp) s
(st+23a)(st2) dCM+ o5
A(stp) | + da
(s+238)(s+2)| dew .
A(stp) | & et
(st238)(st2)

i e )
i/; State |+ qugpa

i%% Py Feedback | gl
d {12 .
LA it- §§| Gs Vpc>(1 chD( Controller L. qug, ¢

v

Fig. 33. The proposed control block diagram

The current references for thedh phases in the proposed control loop are derived
by multiplying the noAl i near vol t age Jommtherinplt plased s o ut g
voltages. The closed loop transfer function of the current loop with the conventional Pl
compensator is given as followasd its corresponding frequency domain Bode plot is
presented in Fig3.4. The compensator parameters are selected in such a way that the
unity gain of the transfer functioa(s)/ia*(s) is maintained. Therefore, the loop gain
must be much greater than wnin the entire wide frequency range, which is

demonstrated in Eq3(25.
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Transfer function:

C. (9G(s) _ Hlk,s* +s(k,z+k)+kZ] (3.29

Tl = G (96(9 ~ S+ (p+ Hk)S + H(k,z+k)s+ Hzk

Loop gain >>1 implies

2 2
H (kW + k)02 +22)] > 02w + p? (3.29
1.00
E é’ 0.95
g g, 0.90
SE oss
0.80
20 PF=10.996 PF = 0.966
0 < @360H: ' @800H:
§§ 20
T § -40
60
101 10°
Frequency (kHz)

Fig. 34. Bode plot of the closed loop transfer function with Pl compensator

Pl controller is designed by satisfying the above constraint. From the transfer
function, the relationship between the phase angle displacement and frequency could
be obtained as Eg3.6) and is plotted in Fig3.5. As can be seen from Fig.5, the
phase angle increases monotonically in the range 088661z, which results in
degrading the input power factor in case of PI compensation. The variation of power

factor with input AC fregency is shown in Fi@.6.

Uzt W o Hik +k2w- w (3-29

are(T(jw) =tan™- kW Hzk - (p+ Hk )w?

]
=l

T T T T T T T T
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Fig. 35. Variation of phase displacement with source frequency
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Fig. 36. Variation of power factor with source frequency

As can be sen from the above plot, the gain and pkasgle displacement touch
nearly 510 dB and 5L0°, respectively in the lownid frequency band (100Hz to 1
kHz). From the variation of phase angle displacement with source frequency using the
Pl parameters satisfyg Eq. 8.25), it is inferred that the power factor can be as low as
0.96 at 800Hz source operation, which drastically reduces the effic@nadye other
hand, the proposed strategy solves this issue by presuming the closed loop system as
an equivalentifst or second order transfer function. For a-geéined closed loop
structure(T(s)), the compensator can be determined from the following relationship.

cg Vo= 1 (3.27)

)= 1+CG -
@- T(s))G(s)

Typically, the bandwidth of a current loop compensata@ RFC system is kept as
1/10" of switching frequency and-tast 10 times of the AC source frequency. In case
of a 100 kHz switching PFC converter working with a maximum input frequency of
800Hz, the bandwidth is typically maintained at 10 kHz. Therefaneequivalent
closed loop structure with first or second order (damping factor 0.5) characteristics is
represented in Eq.3(289 and Eq. 8.29, respectively and Fig3.7 presents their

frequency responses.
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__2p310° -
Tl(s)_s+2p3 10 (3.29

_ (2p310")? 3.2
(9= T 257 105+ (207 107)? (3.29
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Fig. 37. First and second order systems with corner frequency of 10 kHz.

As can be seen from the above plot, both the gain and phase angle responses
perfectly cancide each other at the extremum of source frequency range (i.e. 360Hz
and 800Hz). The attenuations offered to the switching frequency and its multiples are
more in case of a second order than a first order system, which would effectively
improve the inpticurrent THD and differential mode (DM) EMI spectrum. Due to
these advantages, the proposed method establishes a controller to form a second order
equivalent system. By substituting the small sigihahpcharacteristics from Eq. (3,4
the controller trasfer function is obtained as follows with a Baaks filter (BPF)

characteristics

2 2
CG _ 2% vec=—2 vy Cg) = AB+P) (3.30
1+CG s°+2xas+a s +2xas (s+2xa)(s+2)

Where,A=a%/H andH=8Vpc/(3L(r-1)). There are three effective parameters i.e. a, p, z

to be selected while designing the proposed costrdllhe controller structure has one
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zero and two poles, where the zero (z) and one of the poles (p) are same as the pole and

zero of the small signal PFC plant, respectively. The followings are the values of z and

p obtained from Eq.3(4), z= (L-r)/T, p=2(r+1)/(T(r-1))andd 6can vary from
1+h, where 6hé denotes the maxi mum ripple ov
Since the pole and zero locations of the plant vary upon different operating conditions

unlike conventional Pl compensation,ethproposed controller shows variable
characteristics to maintain the overall closed loop as second order system with desired
corner frequency. In our design process, the damping factor is selected as 0.5 and cut

of f frequency i . érad/séSldstitutireg=2¢-bPpTglezt)usaing 2 x 10
bilinear transformation, the discrete tirdemain controller is implemented as follows

(where,T is the sampling time).

D(2)[2(1+xaT)(2+qT) +4(xaqT? - 2)z ' +20xaT - D(qT - 2)z'?]

(3.31)
= E(9[AT{(2+ pT) +2pTz +(pT- 2z %]
which follows:
2(1+xaT)(2+qT)d[n] = AT{(2+ pT)e[n] + 2pTdn- 1 + (pT - 2)eln- 2]} (3.32

- dxaqT? - 2)d[n- 1 - 2(xaT - )(qT - 2)d[n- 2]
The Bode plot of the closed loop PFC system icamsg the statdéeedback

compensator os eff 84d.9isghovn i Eig3B Bethdtheigain&S ect i on

phase responses are maintained-tat with a fixed gain of 3 dB and phase

displacement of Qi.e. PF of 0.995), as opposed to the-uoiform varying magnitude

& phase response, shown by the conventional PI compensator. One important point to

note is that the zero and pole of the controller depend on the operating conditions i.e.

phase current, output voltage (or load power). Thereforegdith@l implementation

highly favors the adaptive tuning of the controller parameters, depending on the sensed
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state variables. In our design process, the damping factor is selected as 0.50éind cut
frequenay i 5. e.h o &%rad/s. ake pdposed Gontrol algorithm is
implemented digitally in DSP TMS320F28335, which computes the controllerzpole (
and zero§) from the digitized sensor data through ADC channels. Finally, the phase
duty ratios are generateby adding the outputs from the second order linear
compensator and stateedback controller, followed byduty saturation logic

(minimum: 5%, maximum: 95%).
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Fig. 38. Bode plot of the closed loop ggsn with the proposed controller

As the controller parameters dynamically depend on the value of load power, the value
of load resistance needs to be estimated at each sampling cycle. As the voltage control
loop output J) corresponds to the active powdrthe converter 76], it could be
assumed to be proportional ¥»c/R, which is directly proportional td/R for a

constant output voltage assumption. From the control loop we have the followings.
i,(n) =V, (n) (3.33

i5(Nn) = Vg, (N) (3.39

82



Plugging the phase currents from E23Q - (3.34) into the power balancing relation,

RO6G can be r eplband kedce estimatecewitimgt usond anyload current

2
VDC

R=——= = ~— (3.39
2] (VAn (n) ? + VBn (n) ? + VAn (n)VBn (n))

Therefore, the special achievements of the proposed control unlike Pl compensation
are (i) to maintain a unity power factor over a wide range of input frequency, (ii) to
track the magnitude level of input curtereference over the wide input frequency
range, and (iii) improvement of current loop bandwidth to make the converter dynamics

faster under any load/line disturbance.

3.3 Experimental Resu#t

Proofof-concept ofthe integrated fasdtartup and enhanced rohwidth PFC
controlleris verified using the developdrardware of thre@hase sixswitch PFC
converter with the specificatiotisted in Table 2.2The PFC converter is tested in a
wide range of operating conditions (variable AC source frequency) at 2B0RMS
input and nominal load power of 6kW. The whole set of experiments are classified into
two major categories, associated with (a) faster output voltage loop (b) modified current
loop with enhanced bandwidth and faster reference tracking.

The stadup experiments are conducted in the PFC stage, separately using PI
compensator and the proposed integrated control strategy3.Bignd Fig.3.10
represent staip waveforms (DC voltage, phase current & voltage) of PFC converter
in case of Pl compensatioand integrated controller, respectively. From the

experimental data, it is noted that the stgrttimes required in a 230V, 400Hz 6kW
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PFC converter with a DC link reference voltage of 650V are 10 ms and 3 ms in cases

of Pl compensation and the proposedtcol, respectively.
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Fig. 310. PFC converter waveforms during stagt action with the pragsed integrated control

Moreover, since the proposed integrated control takes care of minimizing the start
up time as well as transient current simultaneously, thelgtartirrent with this control
reduces to 10A from 23AAdditionally, in order to settlthe DC link faster at 3ms
using Pl compensation, the stag phase current goes up to 115A, which is even
higher than the impulse current rating of the used semiconductor devices. Therefore,
using linear Pl compensation at the voltage loop with fadingetequirement may

potentially bring into catastrophic device breakdown in the system. Furthermore, the
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proposed control exhibits a superior performance in comparison to some of previous
research works in terms of both stapttime and inrush currenthich are 4 line cycles
and4 timesrated RMS current in7[0], 6 line cyclesand4 timesrated RMS current in
[59], respectively.

Furthermore, a set of experiments is @trout to test the regulation ability of the
current loop in a PFC converter, operating at different AC source frequencies1Eig.
and Fig.3.12represent the PFC waveforms at the source frequencies of 400Hz and
800Hz, respectively with the PFC contssllbeing designed for 400Hz source
frequency. It is noted that although power factor is maintained at unity at 400Hz, in
case of Pl compensation it degrades to 0.951 at 800Hz AC frequency due to 18 degrees
phase angle displacement, which matches withhterétical calculation using Bode
phase plot. To maintain the same active power flow, the phase current RMS magnitude

goes higher than the rated reference value i.e. gain remains in the range of 0 to 10dB.
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Fig. 311 6kW PFC waveforms at 400Hz with the proposed control
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Fig. 312. 6kW PFC waveforms at 800Hz with the conventional control

Moreover, the implementation of the proposed control enabée®BC converter to
maintain an input power factor more than 0.995 at the entire AC frequency range (400
Hz to 800 Hz), which in turn helps maintain a OdB +b&hd flattop gain
characteristics. This is demonstrated by capturing the PFC waveforms during a

frequency transient between two extremums i.e. 400Hz to 800Hz, shown 311Rig.
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Fig. 313. Unity power factor at two extremum frequencies in thessiitch PFC at 6kW

Furthermore, in order to illiiate the effectiveness of the stétedback control in
conjunction with the proposed linear compensator, settling times of the DC link voltage

to the reference value are noted under load transient from 6kW to 8kV8. Hgnd
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Fig. 3.15demonstrate thEFC waveforms under load transient with the conventional

Pl and the proposed integrated control respectively.
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Fig. 314. PFC waveforms under load transient (6 kW to 8kW) with PI control
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Fig. 315 PFC waveforms under load transient (6 kW to 8kW) with the proposed integrated control

The proposed control achieves 5% settling band within 0.2 ms, which is significantly
faster than the conventional PI control, which takes 4ms (more than a line cycle) to
sdtle. Placing the poles on the far left (with maintaining the current & voltage
overshoot limits) provides freedom to maintain a fast tracking of the perturbed current
reference in case of load transient. In order to illustrate the effectiveness oftbgguro
control structure, the stamp and steady state dynamics should be evaluated at extreme

load conditions. Therefore, a set of experiments is conducted in order to demonstrate a
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light load transient (from 1kW to 1.25kW and 1.25kW to 1kW) and a large s

transient (from 1kW to 5kW using both proposed and Pl compensations) separately,

which are shown in Fig.16- Fig. 3.18
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Fig. 316. Load transient of PFC converter from 1kW to 1.25kW and fraz6kW to 1kW
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Fig. 317. Load transient of PFC converter from 1kW to 5kW using the proposed control
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3.4 Summary

In this chapter an integrated control strategy combining a fast-sgartontrol
and a welregulated current loop with enhanced flat fb&hd characteristics is
introduced and analyzed. The proposed contir@lteyy comprises of a ndimear
compensator implemented in voltage loop and an adaptively tuned parhamsdr
current loop. The proedf-concept is verified by experimenting a 6kW hardware PFC
prototype at different AC source frequencies (from 400HRO@Hz) at 230V AC RMS
input voltage. The statip time and inrush current in case of the proposed control are
reduced to 3ms & 10A from 10ms & 23A, obtained with the Pl compensation. By
proper pole placement method, the additional dtddback compensah to the
current loop enables 3.8 ms faster tracking of phase current reference under 30% load
transient than a conventional linear PI control. Furthermore, the second order BPF
based current loop compensator as a part of the proposed control helps agadect

unity (>0.995) PFC and accurate tracking of current reference.
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Chap4aBhaski ft-bedi 6 gé IDCDEF B)

convdrotrerRTRU Applications

The third power conversion stage of RTRU is an isolated DC/DC converter
according to our propesl architectureAmong the traditionaDC-DC converter
topologies, phasshifted full bridge (PSFB) converters have drawn significant
attention in mediunmigh power applications due to their simple structure and ZVS
feature P0-92]. Unlike the resonanDC-DC topologies, the voltage gain of a PSFB
converter does not depend on the switching frequency, rather only varies with the
phaseshift angle between the duty cycles of @awp diagonally located primary side
switches. One of the most important considerations to achieveshjltonversion
efficiency is to ensure ZVS at a wide range of load power. One of the biggest challenges
designing a PSFB converter is maintaining ZV &gt load conditions, since it highly
depends on the value of inductance and the switching frequency at low power.
Increasing resonant inductance can help achieving ZVS in light load condition.
However, increasing resonant inductance results in thecgtoly loss at the secondary
side, additional deatime conduction loss, and ringing across the secondary side
rectifier [93-94]. An innovative maximum conversion efficientiacking algorithm is
proposed in thishapter which isderivedin Subsectior.2.

In order to enhance the conversion efficiency without increasing the resonant
inductance, several different methods have been proposed in the lite8atl@3]

All of these methods require an add auxiliary circuit to ensure ZVS in a wide load

range. An additional auxiliary transformer in series between the resonant inductor and
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the P$B transformer, and a capacitor connected on its secondary side is proposed in
[94]. In this way, enough magnetizing energy can be supplied to the resonant inductor
even at lighter load conditions. However, thisdiidnal energy will result in
circulating current and conduction loss in the primary side, which may not improve the
overall efficiency, even with ZVS. The circuit topology proposeddi| ptilizes an
additionalsub-circuit consisting of two inductors and two snubber capacitors, which
result in circulating current due to resonance on the primary side. For a large output
current application, this circulating current might be very high, which would introduce
more camduction loss and potentially degrade the overall efficiency. In order to avoid
these concerns, a voltageubler type rectifier is proposed ifig], which has lower
circulating current and can achieve ZVS in blafs. However, it uses a very high
value of leakage inductor, increasing the overall weight and also, experiences high
current stresses on the secondary switches due to a larger deadtime.

Furthermore, a few method$(J4-105 are proposed in order to improve the light
load efficiency without using any auxiliary circuit components. Method presented in
[104] discusses synchronous réictition (SR) turnoff schemes to create
discontinuous conduction mode (DCM) of operation. The method proposé&@5n [
minimizes the secondary side conduction loss but does not address any approach for
the overallloss minimization. Also, most of these methods need complex control and
higher conduction losses in body diode of synchronous rectifiers.

A number of studies106-114 have been done in improving the light load
efficiency by achieving ZVS through modifying the circuit topolo@9§107, 109 or

improving the control techniquelly. Although the methods in1p6-107, 109
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enhance the @rall conversion efficiency at light loads (<1kW), the efficiency starts to
fall down beyond a certain load range because of higher conduction loss in the auxiliary
circuit components. This is especially true for the large output current applications. The
method in 109 improves the efficiency by changing the degue over different loads

but overlooks the effect of switching frequency on the overall efficiency, which does
not ensure maximum efficiency. In additiaa variable switching frequency control of

a PSFBDC-DC converter is proposed in order to enhance the conversion efficiency
over a wide load rangel14115. Although theproposed method inllY shows
improved efficiency in comparison to the fixed frequency control, the switching
frequency calculation algorithm does not minimize the total power loss, and
consequently it does nohgure maximum efficiency at all operating load powers.

In order to address and alleviate all the aforementioned issues related to the ZVS
and efficiency improvement, a variable switching frequency control algoritim
efficiency maximization of the SFBDC-DC convertelis proposed in thishapterand
this work is published inl52. The total power loss is estimated considering switching
frequency, device parameters, and component details, where thevaniyple
parameter is the switching frequeneycept the phasangle shift, which is reserved
for voltage gain regulatiomherebyaparametric minimizatioonthetotal power loss
modelis performed and it is found that the switching frequermyesponding to th
minimum power losgloes notdepend on the component detalather, it depends
only on theoperatingload power level. In addition, the proposed algorithm ensures

validity of ZVS condition in the determined switching frequency. Otherwise, the model
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derives another switching frequency at which the ZVS occurs at botlegseand
ensures minimum power loss.

Furthermore, a statieedback based control design approach is implemented to
achieve a tight dynamic regulation on the PSFB converter output aaaable load
and input voltage conditions. For regulating the output voltage at a reference level
during a load transient, two sensors i.e. output voltage and load current sensors, are
typically required to provide the required feedback information. Otenwothy point
is that the weight of the current transformer for sensing the load current is quite high
and takes a significant portion of the total weight of the converter, in theditage
high-current (>100A) secondary side. As an improvement, theogex statéeedback
based control strategy uses only one output voltage sensor and estimates the load
current from the converter dynamics and switching information at the previous cycle.
The detailed derivation regarding the estimation of the load nesestand load current

is carried out in thishapter and a more comprehensive versiguidished if117].

4.1 Basic Operation and design considerations

4.1.1 Modes of operation

A simplified circuit of the phasshifted full bridge (PSFB) topology ia center
tapped configuration is shown in Figl. MOSFETsSS, $, S andS: form the full
bridge on the primary side of the transforniar,S andS are switched with 50% duty
ratio and 180out of phase from each other. Similarifg,andS; are swithed at 50%
duty and 180out of phase with each other. The justification of selecting a center tapped
configuration is to reduce the number of active semiconductors utilized on the high
current side, i.e. to minimize the conduction loss in the switches.
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Fig. 4.1. Basic structure of a centtapped PSFB)C-DC converter.

The PWM switching signals for le§ i S of the full bridge are phase shifted with
respect to those for &y S. Amount of this pase shift decides the amount of overlap
between diagonal switches, which in turn decides the amount of energy tran§)erred.
andQ: provide rectification on the secondary side, whidend Cpc form the output
filter. Inductor L, provides assistance tde transformer leakage inductance for

resonance operation with MOSFET capacitance and facilitatesAY.S42 provides
the switching waveforms for the system in Fd..
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Fig. 42. Typical waveform®f primary voltage, primary current and gate pulses in a PSFB converter.

During ZVS phassshift operation of the converter, there are five states in echelé

of operation. These states are briefly discussed due to the symmetric operation of the

circuit.
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A. Slew interval @ to t):

This is the time interval when the primary current changes its flow direction. This
time is established by primary input voltage level, load current and the total primary
side resonant inductance, including the leakage indcetanthe transformer and any
additional inductance in the primary current path. Additional inductance may be
required to store enough energy to displace the capacitive charge on the MOSFET
output capacitanceCpsg and to offer realistic transition deléiynes.

B. Power delivery interval §tto t):

This mode of operation is very similar to the conventional full bridge converter
operation, when either of the two diagonally opposite switche® & or S & ) are
ON. Therefore, the applied voltage acrobe tprimary side of the transformer
(including the additional leakage inductance) become®r T Vin, which results in
power transfer to the load. The phase shift between diagonal switches determines the
output voltage and total power transfer to the Iside.

C. Freewheeling interval (ts):

During the freewheel time, reflected load current is circulated through the FET
switchesS; & Ssor S & S and the voltage across the primary is zero. The freewheeling
time increases with light loads for less poweansfer and decreases with heavy loads
for higher power transfer. In other words, the freewheeling time is a way for the
controller to idle until the next appropriate state comes akéigg42 shows the droop
in primary current during this time, causgddmnduction losses in the circulation path
and output inductor ripple current.

D. Leftleg transition interval ¢- t1):
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The process of ZVS involves the charge displacement in the-stsange parasitic
capacitances of the MOSFETs and occurs differentlyifertwo legs of the primary
side. During the left legY & &) transition interval, the charge on the output
capacitances of the A&B leg is displaced. For the left leg, the source of energy that
displaces this charge is stored in the total primary regomaductance. The
displacement of this charge forces the voltage across MOSF®Izero (MOSFET
S ZVS occurs during the cycles second half), enabling zero voltage switching to take

place. The charge is displaced in a time equal tefameh the resona period, given

by:

t, :%3 JLCa 4.1)

Where, tu. = Transition time for the left leg interval;,0 = transformer leakage
inductance + additional primary inductance &= resonant capacitance, which is
given by:Cr = 4xCos43, where The MOSFET output capacitancgs§ds multiplied
by 4/3 to approximate the average capacitance value during a varyingcdsaurce
voltage.
E. Right leg transition interval §tts):

During this time interval, the full displacement of charge on theuticapacitors of
S andSs happens and thus, terminates the power transfer interval. The reflected portion
of the secondary current on the primary side supplies the energy for the full charge
displacement, which ensures ZVS. Unlike the-le@t ZVS, thedynamics of capacitor
discharge in this mode does not follow any resonating behavior, as the reflected output

current behaves like a constant current source and discharges the output capacitances
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of primary MOSFETSs linearly. The ZVS transition time is giviey the following
relationship.

CrVi,
te, = IR— 4.2

p
Since the source of energy for the discharging of output capacitors are directly load
dependent, it is challenging to achieve ZVS at lighter loads. However, this does not
posea serious problem, as a variable switching frequdrased control method can
potentially ensure the ZVS occurrence even at lighter loads without adding any

hardware components, as proved in the next section akeearch document

4.1.2 Design considations

The converter turns ratio is selected on the basis of the fact that thespifadaty
(d) should be limited in theangeof 20% to 80% in order to reduce the peak primary
current stress on the switches. The turns ra)its(selected to be 121in the center
tapped configuration in our design based on the tradeoff between conduction loss (less
at a nYowenrd &core | oss (highhefrorf lau xf Fdxeends ictoyr
section). At6kW rated load power, the secondary currer@ligA, which would make
secondary conduction loss one of the most dominant loss candidates and therefore,
high-current side turn count is fixed at 1. A phabdéft duty ratio of 56% is required to
enable the conversion from 650V to 31V DC. This is obtained ffe simple voltage
conversion relationship in a PSFB converter, as shown below.

\/in (1_ 2C7)

V., =
DC n

(4.3)

In order to ensure the core operation below magnetic saturation, the following

inequality needs to be maintained and thus, mininaare window area can be

97



determined. This leads us to the requirement of E65/32/27 core, which can fit the

required number of windings inside.

= Vo pPmds g

Bmax sat
NA,

(4.4)

The similar constraints on field saturation are taken for selett@secondary inductor

core and design of its number of turns. The selected core and material are E55/27/21
and 3C94, respectively.

Dimensioning of the resonant inductance with reference to the minimum load at which
ZVS is required and the output capactamf the used MOSFETS. In order to achieve
soft switching (ZVS) at primary side, the primary current should lag the primary side
voltage (Vag). Therefore, in order to make the circuit inductive, a particular inductance

is required to be in primary currgpéth. Its value can be derived as:

2
2 2COSS\/in max
DI

I PP _ L,out

2 2n

L L, (45)

pri
Where, Ipp is the peakprimary current,Lik is the leakage inductance value of
transformerCossis the output capacitance of the MOSFET gnkhutis the peakpeak

ripple ofthe secondary side rectified current.

Total calculated inductance value is 14pH, whereas the leakage inductance of the
transformer is 6.5 uH. Therefore, an additional 7.5uH inductance is added. Considering
a primary RMS current of ~10A, C058090A2 corelwsen for building the primary
external inductor.

Since the secondary side current is 160A in nominal load conditions and can reach

upto 320A in overload conditions, the conduction loss in the secondary side would be
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the most significant loss in the wieokystem. Therefore, in order to improve the

conversion efficiency significantly, minimizing the Gdthte resistance of the

secondary side rectifier should be as low as possible. Therefore, multiple MOSFETs

(threein our design) are placed in parallel f@alizing one switch and synchronous

rectification (SR) is used for detecting the draource voltage of the MOSFET and

the gate pulses are driven accordingly. Whenevevike0, SR drives higHogic gate

pulse for that particular switch and the turnf§is controlled by the device current.
Primary switches are realized by the same MOSFETs (CMF10120D from Cree

Inc.) as the PFC stage, as the voltage stress requirement is the DC link voltage, which

is the same for the PFC stage. The specificationseahtijor components for the

PSFB stage are listed in the following table.

Table 41. Key design parameters and their specifications

Parameters Values Quantity
Input voltage Vin) 650V -
Output voltage referenc®({ rey 31V -
Output power Roy) 6kW -
Transformer turns ratianf 12:1:1 -
Transformer core E65/32/27, 3C94 1
Primary leakage inductanci() 7.5 uH

Secondary inductot§) 30 uH 1
Secondary inductor core E55/27/21, 3C94 1
DC link capacitor Cpc) 3.4 mF 1
Primary MOSFETs SiC (1.2kV/24A) 4
Secondary MOSFETs FDHO55N15A (145A, 160V) 6
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As a noteworthy design consideration, synchronous rectification is used to drive
the secondary side MOSFETSs to reduce the conduction loss and each secondary switch
is realized i three MOSFETs in parallel for reducing the effective conduction
resistance to 1.6 Wi This results in a total conduction loss of 2X@00016 = 21W in
the two sets of secondary MOSFETS at the rated power. Thesinaioe voltages of
the secondary sidectification devices are sensed and accordingly, the synchronous
rectification MOSFETs are driven by gate signals. UCC24610 is used as the SR
controller IC and MIC4452 is used as a current buffer to drive multiple MOSFETSs

simultaneously

4.2 Variable swithing frequency maximum efficiency tracking control

4.2.1 Derivation of small signal plant characteristics

In order to control a phasshifted full bridge converter at any switching frequency,
it is important to design a control system, which will genettagereference value of
the phase shift for achieving the reference output voltage at a particular load power.
Therefae, the first requirement is to determine the frequency domain small signal
t r ansf e rVdf@uwhichtcandesplitpas the following.

DV, _ DV, , DV,

D) DV, Dj

(4.6)

pl
where,( represents the phasagle shift between two diagonally oppes#iwitches
andVp1 denotes the fundamental components of the primary voltagéanthe output
vol tage. I'n order to deter minéeVdtgh,ehe AC volt
first harmonic approximation (FHAgquivalentcircuit of PSFB shown iffrig. 4.3, is

analyzed.
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Fig. 43. Reduced equivalent circuit from FHA of PSFB converter.

Here, Lm is the magnetizing inductance of the transformer Baid the equivalent
reflected AC resistance onhd primary side, obtained from first harmonic
approximation 105 i.e. Re= 8 RwhéreR s the original load resistance. Thereby,
the overall voltage gain can be calculated as the following relationship, which shows a
first order variation between the fundamentals of output voltage and primary side
voltage.

VO —_ nRsLm
Vi (L +L0IS(0L + L IIL,) +0°R]

(4.7)

pL
¥/ qié. the primary voltage variation with the phaseft angle can be quantified

by taking the ratio of the change in first harmonic amplitude of the primary voltage and
the perturbation amount of the phase angle. For anye st angldi, mddharmonic

amplitude of the primary voltage i.@ can be determined as follows.

a, = 1 fV,i (D) sin(t)dt = \%[p%pin(mt)dt- 2[}”%‘sin(mt)dt] = Vﬁ[h cosfry )]3 [1- (-D™]

<2p>
(4.8)
Accordingly, the first harmonic amplitude of the primary input voltage is formulated

by the followingrelationships.

[V = 2\,2” (1+cosf)) (4.9)
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Hence,

Vo _ %sin([) (4.10)
p

Therefore, the small signal transfer function between the output voltage and phase shift
angle can be determined by multiplying E41.7§ and Eq.4.10), shown in Eq.4.11),
which is a first order system with a pole locateg atn?Re/(n’Ls+L m||Lp0.

Dv, AV nR.L
,0:-—mS|n([) Rem

(4.11)
D/ p (Ly + L, )s(n’Ls + L, lIL, ) +n°R]

Hence, this relationship could be framed as a typical first order system, as follows.

DV, A

= = (4.12)
D 1+st
where, A= - X sin( )L (4.13)
p n(L,+L,")
2 '
p oL L IIL (4.14)

n°R,

4.2.2 Variable switching frequency stdeedback control

A statefeedback control algorithm is proposed for maintaining the output voltage
a a fixed regulaté value with a fastlosed loop system dynamics, at any transient in
load power or input voltage. The control system block diagram is showig.id 4,
whereG; corresponds to the gate pulsetotheswi¢ghid = 1 t o 49tate The
variables X) of the converter are the primary curreigf &nd the instantaneous output
voltage (o). The control variableu] is the phasshift between any two diagonal
switches i.eli. One state space relation in E416) can be established bging the
output voltage to phase shift transfer function in Bd.2).

O 0 O (4.15)
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O — . (4.16)

PSFB DC/DC Converter

Load Vo

State feedback |* estimation S1...S6 at previous
switching cycle

Ui G control -
ene?rai?on ] u=-(kaiptkaVo) | Primary currentj+— Vo
9 loai estimation S1...S6 at previous
ogic Fswjoss min switching cycle
Switching Vo
frequency |
determination |4y

Fig. 44. Variable svitching frequency statéeedback controller of PSFB converter.

Furthermore, from the voltage balancing at primary side i.e 48d.)(and applying
Vp=Vol, the second state space relationship, shown in£&1g8)(can be formulated

assuming_ec N2LstLp.
O b — &b — &0 (4.17)
— — ) — (4.18)

Thereby, combining Eq.4(16) and Eq. 4.18) and comparing with the state space

eqguation for LTI systems i.ex 0 = A x th@® mnatrices A and B are determined as

follows.
o _ n 6

A:%’ /Lq§ (4.19
@ K
a 0]

B=§,% 8 (4.20
ae% 0
(; eq =+
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Substitutingu =-kx (wherek=(k1 k2)" is a gain matrix), in the state spacpiation and
taking its Laplace transformation, it is found that eigenvalues of the msitii+-BKk)

have to lie on the lefhalf plane in order to ensure stability of the system. Since the
eigenvalues of4]-A+BKk) are same as the solutions of deitA+Bk) = 0, Routh
Hurwitz criterion could be applied to find the conditions fdataining negative

eigenvalues [99

(sl- A+ Bk)'aev K, ® VK 8 (421)
S+ =+ in 2g
(; eq eq =+

detll - A+BK) = + (1T 2K Akl Vokay | ( kl - Vakiny (422

Leq Leq2
After applying the RoutiHurwitz criterion ondet (stA+Bk)=0, the following
constraints on the gain matrix parameters are obtakie@; ko<(Leq1+Ak1) /il V
Moreover, since A and UV.hedp ¢haidequaliiesbrhe sy st
ki andkz should take care of any variations in the load power and input voltage. In this
case,R can be estimated from the detailed modeling of the converteanagigs and
switching pulse information, as explained and derived in SectioA &dUwould be

calculated at each interrupt cycle from the measured state variables andlpfiase

amount at the previous switching cycle and accordirg)y. could be upated.

4.2.3 Frequency dependent power loss model

For achieving ZVS at the lower load power, higher value of inductance is required
in order to sink the enough energy from the parasitic éiaimce capacitances to
discharge them fully. Besides increasitige inductance value for ensuring ZVS,

alternatively the switching frequency can be tuned to ensure ZVS at all switches. The
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main objective of tuning switching frequency at different load powers is to manipulate
the phase lag of the net input impedancd ansure that it is inductive in nature.
Therefore, it is necessary to investigate the equivalent input impedance of the PSFB
converter. Lety; be the instantaneous primary side voltage, created due to linked flux
andV, is the instantaneous voltage acrtise primary side of the transformer including

the leakage inductance. Therefore, the following relationships can be established from

the analyses on the primary and secondary sides of the transformer.

Jdi
Vp = Lp E"‘Vl (423)
Vi s%wo (4.24)
n
i :cd;’: +\LF§ (4.25)

Taking the Laplace transformation on E42@8)-Eq. @.25) and usings(s) = nip(S),
the following relationship is obtained.

_ $’RCl, +slL,,+nR

Z,(9) = Vel (4.26)

where,Leq= Lp0 +2ns. Therefore, the net phase lag of the input impedance can be

formulated as Eq4(27).

wL L., - nR’C + W?R?C?L
Jag =tan* (———=~——)- tan'(nCR) :tan'l[W( & ca)

4.27
nR- W?RCL, nR 162D

The frequency response 4f(s) is shown by a Bode plot Rig. 45, which represents
that both the impedance magnituand phase lag increase as the frequency increases.
In terms of fulfillment of ZVS, minimum time lag | between the fundamental primary

current and primary voltage must be"16f a resonant cycle i.é. & (0 18)/2, where,
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Cr=4Cos¢3 andCossis theoutput capacitance of each primary side MOSFET. Hence,
the condition of the inductive phase lag of the input impedance being more than

i.e. Eq. 4.28) and Eq.4.29) must be valid in order to ensure the ZVS operation.

LMLy, - NRRC+WARC2L,).  wp —
tan™'[ d = g ]>7 /L,'Cx (4.28)
L., - NR’C+w’R*C?L
F(w):'%p Lp'CR-tan’l[W( «a” 1 — =) <0 (4.29)

'
=

[
=
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\
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45 ol fedid |
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Frequency (kH2)
——R=032  R=0230 R=020 -~ R=015¢ ——R=0.10
R=0.050 ———R=0g

Fig. 45. Bode plot of the input impedance of PSFB converter.

The cutin frequency above which the ZVS is confirmed, varies with output load power.
The cutin frequency fc) can be determined from the equality condition of the
inequality and is represented by the frequency axis intercdpt(ofwdf (i . e . v/ 27)

curve, shown irFig. 46, for different load conditions.

2 T ! —10 kW
—8 kW
LIS - e e ‘ —6 kW

i i I
0 10 20 30 40 50 60 70 80 90 100
Frequency (f) (kHz)

Fig. 46. Variation of cutin frequency of ZVS occurrence in PSFB converter.
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As can be seen froffeig. 46, the frequency intercept for all the load powers ranging
from 100W to 10kW is around 60 kHz. According to EfR9), F ( 1h3s to be negative
as a compulsory ZVS condition. Tleéore, the ZVS is confirmed at the frequencies

above 60 kHz for all the load powers from 0.1kW to 10kW.

4.2.4 Maximum efficiency tracking algorithm

As a broad objective of this work is to maximize the conversion efficiency at
all operating points, it is galiired to perform loss modeling and minimize the total
power loss by tuning the switching frequency. The main task is to determine the
switching frequency, at which the total power loss would be minimum and to make the
converter operate at that switchingeduency if ZVS condition also satisfies
simultaneously. The loss model assumes the primary sideotutoss to be zero
assuming ZVS operation of all the switches. First priority in the process of selection of
switching frequency would be to minimize tta#al loss and also, to simultaneously
ensure ZVS operation. If ZVS does not occur at the switching frequency with
minimized loss, then a switching frequency satisfying Eg9) would be chosen. The
reason is that as the frequency decreases, input impedaeduces according to Eq.
(4.26), the current stress increases on both the primary and secondary sides, and the
conduction loss increases and dominates the other losses in large output current
applications. Therefore, a higher switching frequency,fgatgsthe ZVS condition in
EqQ. @.29) should be selected for overall loss minimization. A flowchart depicting the
switching frequency selection is shownHRig. 4.7. Although the loss model is quite

dependent on the design parameters of the system, thiatadl switching frequency
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for the minimized loss is proven to be independent of the device specifications and

component details, and rather just a function of load power.

L oss minimization

model
fIoss,min:fl
Calculate maximum|
frequency fzys,
where ZVS occurs
Y
I mplement | mplement
fan=f1 fow = fzvs

Fig. 4.7. Flowchart for theswitching frequency selection procedure.

The total power loss, shown in E4.30) in the PSFB converter could be split into four
major categories i.e. primary conduction 108%ritond, secondary conduction loss

(Psec,cond, transformer core los®éore) and primary side turoff 10Ss Por).

A VRO IR S i
_ _ Vopri,ms! pri,rms‘off 'sw 2 2 2
Ptot - Poff + Ppri,cond + Pseccond + Pcore - 2 +1 p”'rmSRpri,cond +1 i;e‘”"‘SRpri,cond + kfsw
2 2 2\/72
V < pri,rmst f V “primsR_ . NV < i R_.
, " pri,rms ,cond pri,rms ,cond
— o] sw + pri,con + pri,con + kf 2

2|1Z,,(9)]| 1Z%n (9)| Z%n (s) ™
(4.30)
Here, Vpri,rms, Rori,cond @Nd Rsec,condare the primary side RMS voltage and conduction
resistance of the primary & secondary MOSFETSs. For a switching frequefigytbé
total power loss can be formulated as follows.

252
Pa(fu) = oz s Koy 2= Kladnlla) o 2o T 270 () (g 39
Zin ( fSW) sz ( fSW) Zzin ( fsw)

where ki = Vzpri,rmstoﬁlz; ko= V2pri,rmstri,cond, ks = k. The optimum switching frequency

at which the total power loss would be minimum can be determined by solving
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dPuwt(fsw)/dfsw = 0. Substituting thezj(s)| at f=fsw in the power loss expression and

equating its derivative to zero, the following relationship is obtained.

kZ, (f.,)Z." (f.)- k fo.Z, (F)Z, ' (Fo,) - 26,2, ' (F.,) +KZ, 2 (f.)Z,, ' (f,,) =0 (4.32)
From the above equation, one straightforward solution coubthtaéned aZind {w)E0,
which leads to the following relationships by differentiating B2q) with respect to
Sfsw.

f_’R?C?L_+2RCL_f_ +L_- nRC
sw eq LEq sw €q =0 (433)
(RCf, +D?

Hence,; - \/4R2C2Leq2+4R2C2I;eq(2nR2C- L)) - 2RCLy, _ ( F 1 (4.34)
2RCL,, CL, RC

As can be seen from Ef.84), the commanded switclgrfrequency from the loss

minimized model is independent of the design dependent parameters, suckeas

and ks. Although there are other multiple solutions to E4.32), all of them are

dependent oRy, k2, andks, and thus, generate a switching freqcy being dependent

on the design specifications and component details. Those solutions may potentially

generate misleading values of switching frequencies, upon the slight variation of

component parameters with other physical parameters. Thereforsltitien from

Zind §w)EO is considered as the optimum switching frequency, which is only dependent

on the output load power. From the established relationship in 422¢),( it is

understood that the switching frequency should be increased as the listahces

increases and vieeersa. Therefore, a higher switching frequency is desired in order to

reduce the total loss at a lighter load condition. Again, in order to maintain the ZVS,

the switching frequency should maintain the condition mentioned i{4229), (i.e.

fsw> 60 kHz for our design considerations).
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Since there will be no load resistance sensing in the real time implemeriatimyld

be determined or estimated from the known measured system variables, in order to
generate a frequency comnalaaccording to Eq4(34). Differentiating Eq.4.25) and
substitutingdig/dt in Eq. @.24), the relationship at Eg4.85) can be formulated and
discretized ak sample in Eq.4.36).

2
Vi Ve, 10V,

+V 435
n dt? Rdt) ° ( )

0 i N o) (4.36)

where, Ts is the sampling time of the closed loop implementation. From the sensor
measurementsutput voltages & and(k-1)" samples are known to us. Furthermore,
V1(k) andV1(k-1) will be eitherVin or 1 Vin or 0, which will be known to us from the
input voltage and the primary switching pulse information. Thus, the unknown value
of load resitance i.eR could be estimated using the relationship, established in Eq.
(4.36). Consequently, the primary currei) ( &6t sandple can also be estimated

according to Eq.4.37), using the fundamental relationships, BR3)}Eq. @.25).

is(k) zg(CVo(k) - Vo (k-9 +Vo(k)) (4.37)
n n T, R

S

(k)=

4.2.5Simulation andexperimental Results

In order to verify the proposed control methodology, the converter is simulated with a
DC voltage of 650V at a rated nominal power of 6kW with 28V output DC voltage
reference for thapplication of auxiliary power supply in a meskectricaircraft. The

simulation is performed in PSIM and the obtained results are shokig.id3. The
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PSFB converter is designed based on the-estliblished design considerations,
presented in the &rature 117-118. The key design parameters and specifications are
previously summarized in Table4.1l. As a noteworthy design consideration,
synchronous rectification issaed to drive the secondary side MOSFETSs to reduce the
conduction loss and each secondary switch is realized by three MOSFETSs in parallel

for reducing the effective conduction resistance.

Vol kV
K (kV)

—d

0.5K 1 [ lﬂ’w‘"y vo’ltagu"v prl [ [ [ [ [
RN B A R S o
'OSK = = A —J — = S| — 8

-1K

L(A) (a) .

20 rimary current (Ip)

VA AN VY Y A 7\ Y Y S
VA f\ [\ f\ [\ f\ /N £\ /
\NE N/ A A N/ N/ A N N/
220N N NS N A N AN NS S

Voc(V) (b)
Output DC voltage (VDC)

-26
=27
-28

0.03612 0.03614 0.03616 © 0.03618 0.0362
Time (s)

Fig. 48. Simulation results of PSFB ceerter (a) Primary voltagé/g:) (b) Primary currenti) (c)

Output DC voltage\pc)

As a proofof-concept verification to the proposed control methodology, a laboratory
prototype of 6kW (continuous)/8KW (peak) PSFB converter, showhign 49 is
desigred and developed. The control algorithm is implemented in a floating point DSP

platform TMS320F28335.
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Fig. 49. Photo of tle PSFBDC-DC experimental setup

Fig. 410 shows the steady state operation of the converter at 650WdDCand 6kW.

The output DC voltage is settled at 28V DC with a ripple within £1%. The secondary
inductor current is averaged around 214 A with a ripple of £10% and it is of twice the
switching frequency, as the voltage across the inductor is rectifisddbthe linked
secondary voltage. The ZVS occurrence of the primary side MOSFETSs is demonstrated
by theFig. 411, which shows a 200ns deadtime between complete fall ofstrance

voltage and the turon of gate pulse.
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Fig. 4.10. PSFB waveforms at 6kW load power;, ¥ 650V, Vo = 28V, Output current: 214.3A.
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Fig. 411. ZVS in PSFB converter at 500W load powex ¥ 400V, Vo = 20V, Output curren25A.

Furthermore, the converter is also tested in different load and line conditions to check
the accuracy of the proposed control logic at variable operating conditions. A 33% step
increment in load from 6kW to 8kW is applied during a running condititimmominal

load, and the output voltage is settled at its reference value within 5us with the state
feedback control approach, as showhim 412. It takes 12.5 ps to settle to the steady
state under the same load transient with a PI controller, sindwg. 413. In addition,

the undershoot in the output DC voltage under this load transient with the state
feedback and PI controller are 308ad 12% of the reference value, respectively, which
prove the statéeedback control to be superior than Pl imte of dynamics and
regulation of this converter. The output voltage ripple is maintained below +1% at the
steady state of the overload condition. It is also observed that there is a dynamic change
in switching frequency from 100 kHz to 83 kHz as soorhasldad is changed from
6kW to 8kW. The fact that these frequencies match well with the optimum switching

frequencies in Tablé.2, proves high accuracy of the proposed control.
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Fig. 412. PSFB wavedrms at load transient from 6kW to 8kW in variable switching frequency; state

feedback control; ) =650V, Vo = 28V, fsw= 100 kHz @6kW andsf = 83kHz @8kW.
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Fig. 413 PSFB waveforms at load transiéram 6kW to 8kW in variable switching frequency, PI

control; Vi, =650V, Vo = 28V, f\w = 100kHz @6kW andsf, = 83kHz @8kW.

The converter is tested at different operating points in a wide range of load power (from
100W to 9kW) and variable switching freques in the range of 50 kHz to 220 kHz,
listed in Table4.2, as reported by the switching frequency calculating model for
maximum efficiency operation of the converter at different load conditions. The
measured efficiencies at the whole load power rantfethve proposed control are more

than the reported peak efficiency values in the previous related works i.e. 95.6% in
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[115, 91% in [L07] and 92.8% in 109. This proves the justification of the effect of
variable switching frequency to track the maximum attainable efficiency at a particular
load. In order to validate the improved performance by the variable switching
frequency contil, a graph demonstrating a comparison of conversion efficiencies at
different load powers between the proposed control and a fixed frequency control
method at 50 kHz is shown kfg. 414, which clearly indicates an improved efficiency
value at all the ograting pointslIf the PSFB converter is operated at a switching
frequency of 100kHz (same as PFC stage), the measured efficiency is reported as

97.2% at 6kW rated load.

Table 4.2. Optimum switching frequencies at differentdopowers and efficiency comparison with

fixed-frequency control at 50 kHz

Load power (KW)! fswioss_mikkHZz) | Efficiency atfswoss min | Efficiency at 50kHz

0.1 180 95 93

1 170 97 96.2

2 158 98.1 97.1

3 145 98.2 96.9

4 130 98.15 96.8

5 114 98.1 96.8

6 100 98.1 96.65

7 92 98.1 96.6

8 83 98.05 96.6
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9 75 98 96.5

10 65 97.9 96.5

Variable switching frequency control
------ Fixed switching frequency control at 50kHz

<o~
. LY SR O
. =° S 0cccgeccctoccgen-0

Efficiency (%)
o
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]

1 2 3 4 5 6 7 8 9 10
D re—
Load power (kW)

Fig. 414. Efficiency comparison between fixed and variable frequency control at different load power

levels

4.3 Summary

In this chapter a new control methodology, incorporating variable switching
frequency operation at different load power levels in a PBEBDC converter, is
proposed to maximize the conversion efficiency. In addition, a-fatiback based
control methd is designed to regulate the PSFB converter at variable load and input
voltage condition, with the elimination of a load current sensor. With implementation
of this control, ZVS can be achieved at all power levels with just using transformer
leakage induance and removing any additional primary inductor.

As a proofof-concept verification, a 6kW laboratory prototype of a PERBDC

converter is designed and tested with 650V to 28V conversion specification for the
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application of auxiliary power supply ia moreelectricaircraft. According to the
experimental results, a maximum conversion efficiency of 98.1% with an output
voltage ripple below +1% is achieved and the converter dynamics becomes 7us faster
in 33% load transient through a stéedback contl in comparison to a Pl controller.
Furthermore, the experimental results exhibit higher conversion efficiencies at a wide
load power range (100M/0kW) with variable switching frequency in comparison with

a fixed switching frequency method.
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ChaphEBlrectromagnetic | ntfearf erenc

RTRU Applications

Avionic systemsmust strictly comply with EMI standards whilensuring high
reliability, and satisfying very high efficiencies, less weight, and high level of
compactnessipP(. Evolutions and rapid advancements in the ‘pglwver and high
speed semiconductor devices have enabled Wwatel gapbased converters with
eliminated lower order harmonics in the input current waveforms; however, they
exhibit a lage highfrequency noise in the input line currents. A conventional approach
to attenuate the higherder harmonics has been to use passive components such as
inductors and capacitors in combination with damping resistors. Utilization of the
passive compeents makes the system bulky and less efficient, and thus reduces the
volumetric and gravimetric power density. The only way to reduce the weight and size
of the system is increasing the switching frequency, which currently might not be
possible at highgrvower levels and would need computationally complex control logic
[121].

EMI is transmitted in two forms, radiated noise and conducted noise. Radiated
noise occurs in the range of 30MH&Hz, whose filtering requiss the measurement
of magnetic or electric fields in free space, causing the testing to become much more
complex, and is out of the scope of ttresearchConducted EMI as a major part of the
noise contents consists of two categories commonly knownfasetifial mode (DM)
noise and common mode (CM) noise. The CM noise originates due to charging and

discharging of parasitic capacitances, such as the capacitances between heat sink and
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ground, the transformer intgrinding capacitances, measurement prolgpsén the
other hand, magnetic coupling, and ringing in switching signals cause DM noise.

As the behavior of DM noise can be well predicted, multistage LC filters can be
placed in the front end of PFC stage to achieve the required attenuation. As an
impr ovement to the conventionalpmubedi DMagel t
concept can be implementeti2p-125. On a different note, it is very difficult to
idenify and model CM noise and thus, challenging to design a filter, which can offer
sufficient attenuation to meet standard requirements.186 [127], a CM-noise
modeling aproach was proposed for a singllease PFC system, which considers the
parasitic capacitances of power semiconductor devices to the heatsink. A few work on
CM noise sources and propagation methods are also introduckrefphase rectifier
systems 128-135. Thesework only include limited information on noise modeling of
the converter and mainly contain the guidelines for the optimized design of EMI filter
components. Hweever, in order to design compact EMI filters, the most important
information required are the values of the design corner frequencies of the converter.
Since, the parasitic components in a converter majorly determine the CM corner
frequencies, it is quitenportant to model the possible sources of noise in the converter
for accurately locating the possible corner frequencies. Otherwise, an intuitive
approach would require more number of filter stages to be put in cascade, in order to
achieve the requiredorse attenuation and meet the standard requirements. In this
researchthe CM noise modeling ¢anique for singleohase PFC126, 130 will be
extended to threphase systas with detail mathematical validations. In addition, an

EMI filter design and implementation for an ultampact threg@phase active boost
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rectifier will be presented. Thesearclalso discusses several important techniques to
improve CM spectrum perforamce and also improve the baseline spectrum of the
testing environment.

Another important stage for a complete design of EMI filter is to sufficiently
attenuate the DM noise, which consists of a lower range of frequencies (<1MHz) than
CM noise. Although M noise attenuation to a certain extent is achievable by applying
multi-stagefilters [135 136, DM stage filter adds the highest weight and size among
the filter componets to the integrated EMI & PFC stages, and adds an input
displacement phase to the input currents, diggathe input power qualityiB7]. EMI
filter design in 137 conssts of conventionally existing three cascaded LC stages,
where the corner frequency of each of these stages is determined from the converter
performance without any filtering action and the target EMI requirements. Each EMI
filter stage consists of threeé@pacitors (DM), three ¢apacitors (CM), one common
mode choke (t) and three differential mode inductors (one in each input phase).
However, as opposed to the conventional design method, it is theoretically possible and
implementable to design thetér stage with three X capacisoand only one Y
capacitor per stage in a new configuration, reducing the total weight and size of the
system, which is proposed in thissearchThe performed studylso shows that the
proposed filter topology can offeamie amount of attenuation as the conventional
cascaded LC topology, with additional benefits of reduced number of LC components,
less number of cascaded stages, much more compact size and a higher power density

and minimum input phase displacement.
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5.1 RTRU noise model

In order to design EMI filter stage to meet the standard requirements, an effective
action would be to model the parasitic noise effects in a-fiinase boost PFC circuit.
Some of the strong sources of EMI generation are semiconductorseatginks
attached to them. In many of the designs, the semiconductors are mounted on a
common heatsink, which is connected to the protective earth. The parasitic
capacitances between heatsink and ground should be considered in the noise modeling
of the cowerter. In this section, a detailed review of noise components in aghase

active boost rectifier is provided.

5.1.1 ThreephasePFCNoise Components

It is not easily possible to separa@mmmon mode(M) anddifferential mode DM)
noises in a threphase system. An orthogonal decomposition of tplesese variables
is required to split them into CM and DM. Assumingiz, iz to be the CM noise
components of the phase curreiat$, andic respectively, the CMi¢m) and DM mode
current componentsoju1, ipm2, ipms) can be determined using the following orthogonal
relationship, presented in Ed.1) with an additional relatiomwmi+ipmz+ioms=0 and

this orthogonal split model is framed in Figl.

%DMlg 1%2 -1 '1%18

aom0=Zel 2 l@wo (5.1)

Fou 2 &L 1 152

The aboveransformation is valid if the thrgehase system is symmetrical, linear and

time invariant. Regardless of the type of three phase source and its noise sources, CM

component of the phase current flows through a phase and takes the return path through
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ground From the above transformation equations, common mode noise component
(icm) is given by the following.

. I+, +i
i :% (5.2)

For a more comprehensive analysis, a generalizedffeghency noise model in a
threephase PFC circuisishown in Fig5.1, which represents the CM components as
series combinations of CM voltage sources and equivalent CM impedances. On the
other hand, each DM noise component flows through a phase and returns through other
two phases, which implies thaiwi+vom2+voms=0. DM noise components are modeled
by three independent voltage sources in series with three differential mode impedances.

Since, the EMI spectrum is measured by line impedance stabilization network
(LISN), the LISN impedances should also bensidered in the path of each phase
current flowing towards the protective earth. The CM voltage magnitude at the LISN
is formulated by the following relation, wherg v> andvs represent the voltage drops
due to CM noises across the LISN impedancesreéthhases A, B and C, respectively.

i, +i, +i VvV, +V, +V
VCM = RLISN L :2), 2 = L ; 2 (53)

where,Rusnis impedance between output of LISN and ground. Since, the noise source
at each phase is modeled by a sum of corresponding CM and DM components, the DM

equivalentvolh g eibath dbhase is calculated by the
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LISN Converter noise model

ZDM1<_ V,

I1 ZDM2<— _VDMZ

i2 ZDM3<—®-VDM3

i3 +~-
+ + Z T
\ V4 |V3
- - - +

Ruisy K
CM

Fig. 51. (a) Threephase boost PFC (b) Highequency noise model of a thrphase PWM rectifier

with LISN.

3Vi'V1'V2'V3
3

Vou i =Vi - Vey = (5-4)

Assuming a symmetrical distribution of common mode current components over all

three phases, the following relation could be written.
i
=i +-M 55
i DM ,i 3 ( )

However, in practical implementation, the content of CM corepbm all three phases
may not be equal, which will result in namtrinsic DM noise or mixednode (MM)

noise [L3(. Assuming the common mode currents of first two phasisasd of the

third phase iso+j the following relationships representing three phase currents in
terms of their respective CM and DM components could be formulated from the

transformation matrices, shown in E§.6)-(5.9).

. _3,+D
lew = 3 (56)

(5.7)
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=i +i D
—'pm,2 cM T o
3

(5.8)

P!

(5.9)

I3 _IDM,3+ICM -

|
3

The differential mode phase voltages can be obtained using the following relationships.

. Di
VDM,MM 1 = RLISN (' DM,1 ~ 3) (5-10)
VDM,MM,Z = RLISN (i DM,2 ~ 3) (5-11)
. 2Di
VDM,MM 3 = RLISN (' DM ,3 +T) (512)

Therefore, there are additional DM voltage dropsopi 2-g8i an8i qpi Ac®ss three
phases, due to unbalanced common mode current. This could practically happen if there
is anyminor mismatch in PCB layout between any two phases, which could be a very

common situation in practical implementations.

5.1.2 Parasitic modelingf PFC stage

EMI noise sources in a thrggnase PFC converter are mainly originated from
several stray capdances, such as semicondudteatsink capacitance, heatsink
ground capacitance, parasitic capacitances between DC link terminals to the ground,
stray inductances due to PCB traces and physical connecting cables. In order to fully
understand the propagaticof these noise factors and their effects in the circuit
operation, a detailed CM noise model needs to be derived.Eighows the different
possible sources of parasitic noises in a tptegse active boost rectifier, in which the
parasitic componentg@re shown in redolor to distinguish from power stage

componentsCvandChdenote the stray capacitances

124



an external arpar al | el di odeds cat hode and t
capacitances produce a very highquerty overriding signal on the switching pulses

and shift the CM noise level up in the EMI spectr@ss andCng are respectively the
parasitic capacitances from the DC link positive and negative terminals to the ground.
Since, these capacitances exist inghth of the DC link current flow; and the DC link

is a combination of switching averaged phase currents, hence, there would be a definite
effect on the noise spectrums of individual phase currents. Furthermore, there is an
additional capacitance betweegaltsink and ground, denoted By in Fig. 5.2. This
capacitance is generated by the combined effect of -fimteand finground
capacitances.

In order to establish a CM noise model of the converter, each MOSFET should be
replaced by series combination af bipolar square pulse of same frequency as
switching frequency and a stray capacitance, between its drain and source. The DC link
capacitance should be modeled as a short circuit as it would offer very small impedance
at 100 kHz switching frequency artd multiple frequencies. Thus, the resulting noise

model of a thregphase PFC converter is shown in FEH@.

CMI Cu r‘lr_mh P

Cu| It
Cue IM| I I 1 stray
i | | |
Co Co Co
Heatsnk | Co DTS, Co D35, Cp D;TS, \imTPG

A L
3-phase NITY\

EMI YN
filter stagal | €~~~

Cag e Cu| Cuj Cu|
n % s e L
3-phase AC supply :|(—:CG C{Dk CID CID*
] e Ioets] Selosts ] Sploers: —F
|_

I N

,_
N |
o/ |
VVV
Y

Fig. 5.2. Noise modeling in a threghase boost PFC converter.
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According to Fig5.2, irrespective of the polarity of the phase current, the parasitic
capacitance between semiconductor and heatsi@k#2Cp). Furthermore, the output
parasitic capacitance models the parasitics between the two DC link terminals and the
protective earth, as theffective impedance of DC link capacitor itself becomes
negligible at higher frequencies. In addition, because of long PCB trace from the input
side to the output DC link side, the stray inductangeaf) should be considered in
parasitic modeling, whit could be lumped and placed between switching bridge and
DC link. Besides, a significant amount of EMI noise is generated from the heatsink,
connected to the semiconductors. Instead of a single heatsink, if multiple heatsinks with
more number of fins areonnected to the semiconductor devices in a single PFC
converter, the effective parasitic effect increases, as the stray capacitancefaetre in
connected in parallel. If the heatsink is connected to the earth for safety reasons in some
applications, thenost prominent effect is observed in terms of the EMI noise spectrum
because of creating a resonating CM path. Besides, there are parasitic capacitances
from phase to ground, which are not same for all three phases; rather the parasitic values
depend on th instantaneous switching combination. In order to design the EMI filter
stage, it is important to determine the values of frequencies of the resonant oscillations,
caused by the parasitic parameters and thus, the related equations governing those
oscillaion frequencies are presented in El18)-Eq. (6.15). The corner frequency of
DM filter stages could be determined from the intersection point of the frequency axis
and the tangent, drawn to the first spectrum peak in the conducted EMI frequency range
without any filtering action. In our design with 100 kHz switching frequency, the first

spectrum peak will occur at 200 kHz, as based onlBQF, the EMI requirement starts
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from 150 kHz. Therefore, the DM corner frequency is set between 150 kHz to 200 kHz.
On the contrary, the corner frequencies of CM stage are determined from the parasitic
resonance frequencies, which are difficult to be determined in exact numatics,

but their approximate values could be calculated from E4§3f(5.15), assuming &
heatsink is grounded. Assumption of heatsink being grounded is based on the worse
case situation, as the resonating frequency will increase because of less parasitic
capacitance, as opposed to the case of floating heatsink. If heatsink is kept floating,
Chc will be in series with switch parasiti@d cause a relatively lower resonating
frequency, which could be partly attenuated by DM filter stage in addition to the CM
stage and thus, makes the filtering effect better.

foo= ! (5.13)

noisel
) 2p\/l-stray(C:PG +CNG + k(CM + 2CD))

- 1 (5.14)
noise 2
20,/L(Cys +Coe +Cee +K(C,, +2Cy))

1

f a= 515
noise 3 2,0\/L(CM +2CD) ( )

Il n the aboWe ceoquuladt iboen sQ, 61 or 2, depending
grounded to the protective earth. If the heatsink is grounded, the parasititasayesc

from semiconductor devices to heatsink will also participate in resonance with the stray
capacitances between DC | i nk 1t r fsiorudld abred
1 or 2, depending on the number of conductingsigle switches in theHZ converter.

Similarly, the input boost inductances take part in resonance witigimend parasitic

capacitances and semiconductor parasitics, geneffasisg and froise3 These high
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frequency resonant oscillations should be significantly atteduateghe CM filter

implementation, which is discussed in the following section.

5.1.3 PSFB noise model

Similar to thePFC stage, MOSFET parasitic capacitances and the stray path
inductance will exist in the PSHBC-DC converter stage todn addition, dudo the
fact thatthere will be potential difference across any two twhthe high frequency
transformer, they will act as parallel plate capacitor and form multipletimerstray
capacitances in serie§he combination of these capacitances with l¢akage and
magnetizing inductances will give rise to another set of resonant frequencies, which
fall in the commommode (CM) spectrum range. >5MHz This can be justified using
the following equivalenhoise modeling circuin Fig. 5.3 with the estimated values of

parasitic capacitances.

Circuit
Under
test

Transformer

Fig. 5.3. Equivalent noise model of PSFB converter

The general expression for apjossible cubff frequencies can bevritten as

follows: 'Q ,wherg A i B Fdoitocan be 0 or

1. It can be analytically stated that there could be noise source of 21 possible corner

frequencies and they can be placed in series in the noise equivalahtTireunterturn
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capacitance highly depends on the winding pattern and geometric orientation of
different turns, which leads to a complex model of electric field distributiomever,

a reasonable estimate for the parasitic capacitance cotite: beries equivalence of

ONMOG interwinding capacitances originating

be expressed @8 ———, wherg s the airpermittivity, 0 is the core aredis

the gapbetween the neighboring turri3oing so,we get the primary and secondary
interwinding capacitances to be of 0.24 pF and 2.9 pF, respecti&idy, the
capacitance between the primary and secondary conductors need to be considered,;

however, this capacitance will be much lower due teinterleaved winding structure

in our designAs a reasonable estimate, can be approximated & ——, where

"Qis the gap between primary and secondary layersdanis determined as ~2pF.
Havingp ¢ "Qeakage inductance apdi "Omagnetizing inductanda our designthe
minimum and maximum possible corner frequenciesld/be2.9) "'O{DM zoné and

260 "'OCM zong, implying that all the noise frequencies fall in the conducted EMI
range.Thenoise amplitudeatthese frequency contentgthout any filter stagavill be

used as referender designing the EMI filteparmmeters

5.1.4 EMI spectrum without filter

Before designing the filter stage, it is required to determine the EMI amplitude
spectrum of the PFC converter without any filtering action, which would assist in
determining the required attenuation in DM and @&gions of spectrum. In this
researchfilter design is based on the specifications of a tpheese boost PFC, which

is typically used inside an aircraft with a triglease alternator with variable frequency
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(360Hzi 800Hz), and variable AC output volegl90Vi 260V RMS). The target is
to achieve the conducted EMI requirements according telB@-. The key design

specifications are provided in Talle2

Although most of the onboard airborne equipment handle DC voltage betw2éd\+/

to avoid potentigpartial discharge, RTRU with PFC DC link voltage of 650V (in our
design) is located in a highly pressurized chamber with a higher breakdown voltage
according to 1B%and heace,dhe concern forepal fischarge is

minimized even with the high voltage across DC link.

The EMI amplitude spectrum without any filtering action is shown in 5:#.which
implies that the highest peak of 91dBuA occurs at 200 kHz in the conducted EMI band.
Other peaks arlocated in the higher multiples of switching frequency, which is set at
100 kHz in this design. However, there are specified maximum limits for the spectrum
peak amplitudes in the whole conducted EMI range according t4@0® standard
requirements. Hemg in order to reduce the spectrum peak amplitudes to the specified
limits, different attenuations arequired at different frequencies by the implemented
EMI filter. Therefore, the attenuation requirements of DM current waveforms by the
EMI stage, shownin Eq. 6.16) are obtained by subtracting the conducted EMI
standard, mentioned in DOGOF from the spectrum without any filter in Fig. 3 with a
design margin of 6dB (according to DO160F requirements).On the contrary, required
attenuation by the CM stage shown in Eq.5.17) is set with the worst case scenario,

as identifying the effective range of frequency band in CM region is difficult and varies
for different PCB layouts.

56 Q6 0 Q08 B0 QAMD: b B FXI @S (5.16)
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Fig. 5.4. DM zone EMI results of PFC stagéthout anyfilter

In theabove equation$¢ andfp represent the corner frequencies to be designed for

CM and DM stages, respectively.

5.2 Filter design

5.2.1 Design Considerations

While designing the EMI filter for RTRU, the following considerations must be kept

in the desigrprocess flow.

I. The attenuation offered by the filter stage at the design frequency must be
greater than its required value to comply with the standBygically, the
design frequency is a multiple of switching frequency, where the first spectrum
peak arses in the conducted EMI frequency range.

il. In order to maintain the strict power factor requirement at a specified power
level, there is a maximum limit for reactive power transfer, which sets an upper
bound for net DM capacitance. Assume the specifiedimrement is to achieve

0O 0O ataload power aj .
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Say the phase displacement anglesithe reactive power can be expressed as

0 0 OAF. The upper bound of net DM capacitance is formulated as

follows.
0 (5.18)
Assuming the EMI filter topology to

symmetric LC parameters, each DM stage capatias an individual upper
bound of6  7E.

Magnetic saturation must be considered while selecting the filter inductor cores,
especially for differential mode design. Selection of magnetic material for DM
cores is very crucial for minimizinipe core loss and hence, thermal burden.

The common mode inductor cores must be selected in a way that it can avoid
magnetic saturation due to using less number of turns for achieving a higher
inductance value.

The upper bound of common mode capacitanuast be selected in a way that

the common mode leakage current flowing through the potential earth (PE) does

not cross its safety limit mentioned in equipment standard.

5.2.2 Differential mode (DM) and common mode (CM) filter design

An important designgrameter for the EMI filter design is switching frequency. Since,

each unit of RTRU is designed for 6kW rated load power, in order to achieve high

power density, SiC based MOSFETs supporting Jeigth switching frequencies are

used in the design. A highemwiching frequency will increase the DM corner
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frequency, which will reduce the total weight of EMI filter. Furthermore, since the
conducted EMI requirement starts from 150kHz according telBQF standard, an
appropriate choice of switching frequency abbk such a value, that the first valid
peak amplitude becomes as low as possible. Accordingly, 100 kHz is set as a good
selection of switching frequency of the converter. A further increase in switching
frequency is limited by the execution time complexit the control logic.

Although it is straightforward to determine the corner frequency of DM filter by
checking the amplitude of first peak above the switching frequency i.e. at 200 kHz;
however, determining the corner frequency for CM stage is qufteudti because of
the challenges in identifying its variation range and high sensitivity to testing
environment. Furthermore, for DM filter design, in addition to the required filter
attenuation, the phase displacemefitof the input currents due to tkarrents drawn
by the filter capacitors has to be considered. In this regard, 3gshows a
configuration and phasor diagram of a PFC circuit with fiend filter stage, which
produces a curremj in phase with the voltage. Since the voltage drogcrossl is
very small at the line frequency, hence one can assumeathat The voltageva
imposes a 9Bleading current throug@, as shown in the phasor diagram. The phasor
diagram can also be used to derive the relationship in5E)( to determie phase

displacementd).
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Fig. 5.5. Phasor diagram of a singiage LC filter before PFC circuit.

Y%
q=tan’1(|p—eak /%) (5.19)
peak

where,lpeakis the peak value of phase currerandVpeakis peak value of input phase

voltage. From Eq.520), the maximum value of input capacitor could be calculated.

JLCI o
maxzp v peakm™ tan(cost(IDF)) (5.20)

peak high
where,|DF denotes the input displacement factor, which is the cosine of angle between
fundamentaphase voltage and fundamental phase curkgeix nignis the peak value

of maximum possible input phase voltage &sgdqminis the minimum possible peak

value of phase current at partial load demand. If the maximum phase displacement
should be limitedo 5’ (i.e. input displacement factor (IDF) = 0.996) at the rated output

power, the DM filter capacitors are limited to a total capacitanéat= 3. 5 e F per
phase, as obtained from E§.20) considering the values Bfak mirandVpeak highffom

spedfications of the converter, listed in Tal#2e2. At rated power of 6kW,peak minand
Vpeak,highvalues are 11.2A and 358 V, respectively, obtained by assuming a variation on

the input AC voltage to be limited to +10% of its nominal value i.e. 230V RidfSa
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multi-stage cascaded configuration of filter, the parallel combination of all the
capacitances, required per each stage,
Another EMI filter topology, which is a modified twataged cascaded EMI filter,
shown in Fig5.6 is poposed in our design. In a conventional staged EMI filter,

CM stage is a set of two CM chokes and six capacitorsglioend) and the DM stage
consists of three decoupled line inductors timeleline-line capacitors (forming a CLC

pi network). Unlikethe conventional twstaged cascaded structure of EMI filter, this
proposed structure uses reduced number-odpacitors by three and reduced number
of DM inductors, which potentially helps reducing the size and weight of the filter. For
further analysesCM and DM circuit equivalents of this filter topology are shown in

Fig. 5.7 and Fig5.8, which require several assumptions to be taken to derive the filter

parameters.
//\\
AN
" Le ) Lo Le 7
LYY N L . /S
i 3
I \ \ / \ 3-phase | Cpcm
Cy. | I Cx i Tt
= | 2 ||I __\\ Lo Z | Cy_l_\l boost PFC[P "l
—Fux B LY O] W: (Noise | =Co
C ;J_ \ 'I B ! | J_ ! sour ce)
val \ i | Lo o= | ! N ::T
 Rus O N ey Crem
N "~ ]c I L \
£ . | “ ALK
Cq_ cM CYiTI— /l CM
l capacitors \ Y%/ CM + DM =T capacitors
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Ground Ground

Fig. 5.6. Cascaded twastagel EMI filter for threephase boost PFC
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Fig. 5.7. CM equivalent of the proposed EMI filter for thephase boost PFC

LISN EMI filter DM noise
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B
EUT

Fig. 5.8. DM equivalent of he proposed EMiIilter for threephase boost PFC

One of the critical assumptions is that the impedance offered -bgp#citors,
connected to the equipment under test (EUT) should be negligible in comparison to
EUT impedance4p). In addition, the equivalérCM impedance should be very large

in comparison to the LISN impedance, when all the phases contain common mode
noise i.e.1/(8 G1)<<Z,; 1/(3¢¥ G3>>RusN3; ¥ (2Lct+ Lp)>>Rusv3. Thus, with these
assumptions, the two equivalent CM inductors are obtaineghaslLc andLcvo=2Lc+

Lo. Thereby, the CM noise takes the return path to the ground through two equivalent
CM inductancesl(cmi andLcwmz) and two equivalent CM capacitanc€si1 andCcwmy).

The values of these equivalent capacitances and inductances can be determined using
Eq. 6.24)(5.25). This filter structure generates two resonant frequencies with two
different corner frequecies tr.cm1 andfr.cma), wherefrem=1l /' ( Bcmi@cfrn)) and

frem= 1/ (L2mCamp)).
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3CXCYZ

v3
Coms = x*Cre (5.24)
+ LxCrz
va t 3, +C,,

3CC,
3C, +C,, (5.25)

3,C..
T

i o~

CCM 2=

CM corner frequency is chosen as the minimum of all possible resonance frequencies,
i.e. froises froisezandfnoisescaused by the parasitic LC values in the PCB layout and also,
from some measurement probes. Although it is very tricky to determine the exact value
of corner frequency unlike DM equivalent, but a good approximate to start the design
could be obtained by phging in the parasitic parameters with correct exponents in Eq.
(5.13) Eq. 6.15).

While analyzing the DM equivalent, the input side impedance offered by both Y
capacitance and effective series inductive path should be very large as compared to the
total LISN impedance in order to complete a DM noise path i.e. ¥(G5>>2R.sn;
¥ (2Lp+LikitLi2)>>2Rusn . In addition, impedance of -¥apacitor at the EUT side
should be negligibly small as compared to the EUT impedaf® i(e.
1/(0.5¢ Gy<<Zp. With theseassumptions, the two equivalent DM inductors are
obtained ad.pomi=Lik1 and Lom>=2Lp+Lik2, WhereLik: and L represent the leakage
inductances of two CM chokes. Besides, two equivalent CM capacitors in noise path
are obtained aSpm1=2CxCv3(Cy3+4Cx); Comz= 2CxCvd/ (Cy1+4Cx). Therefore, based
on the mentioned assumptions, and parameter values in CM and DM equivalents, the
corner frequencies of the filter stage are determinddma= 1 / ( L3m1Cén1)) and

from= 1/ ( 2bm2Coi)).
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All the filter parameters i.elLp, Lc, Cx, Cvi, Cv2 Cys can be calculated by
consideringfr,om=100kHz, fr omz=150kHz, andfr.cmi, frcm2 < Min{fnoises froise,2
froise,3, iN our design.In order to redce cost and size of the filter, the leakage
inductanceLik of the CM choke is often controlled to form a DM inductor. However,
lack of regulation over the leakage inductance value can potentially change the resonant
frequency and thus deteriorates thefihg action. Therefore, a separate set of inductor
cores is used to realize the DM inductances in our design.
For the improvement in common mode EMI spectrum, 2.2 nF ceramic capacitors (of
2kV rating) are added from both positive and negative termirfatoothh PFC and
RTRU DC links to the chassis groyras shown in Figh.6. The high frequency (in the
order of MHz) harmonic components arising due to the switching, ringingy
inductancesand other PCB parasitics receive low impedance paths to theschas
ground through the common mode capacitors and thus, the common mode voltage

stress can be significantly reduced.

5.2.3 Damping in EMI filter

It is important to look into the damping performance of the designed EMI filter stage,
as any high-Q peak in fequency response may amplify particular frequency
components coming froeontrol loopor AC source frequency harmonidsfrequency
response afwo stagecascaded C filter without any damping resistor is shown below,
which indicates higiQ peak at thirénd fifth source frequency harmonics for a 400Hz
supply.This can be explained by the fact that all the poles of filter transfer function are

located on the imaginary axis.

Yo (5.26)

138



100 l y_—»High-Q peak at 375" harmonic
H i

0 O,

-100 T——t
0

=90

Phase (deg) Magnitude (dB)

-18 e z
o 10° 10' 10° 10°
Frequency (kHz)

Fig. 5.9. Frequency response of a tstage LC filtetwithout damping

In order to preide enough damping to the filter stage, a set of damping resistors
areput in parallel to the DM inductors our designwhich flatters out the response at
the cost of conduction | osses. However, up
conductionlosses come out to be8¥V, which is insignificant to the net output power
of 6kW. Therevised DM filter stage along with ifsequency response are presented
below. The transfer function of the revised filteshown in Eq.%.27) has all its poles
with negative real parts, which indicate damping of the {i)gbeaks from the previous

undamped design

Yo

(5.27)
LISN EMI filter DM noise
A L Lp Lic
ad d d
- o
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Fig. 5.10. A two-stage LC filter wih damping
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Fig. 5.11. Frequency response of a tstage LC filter with damping

5.3 Filter Volume Optimization

Some of the previous studies had shown that filter volume varies in an approximately
linear fashion with the storednergy[11]. Therefore, n order to perform the
volumetric optimization, the volume of capacitors and inductors are mapped to the
domain of stored energy in the filter elements, by an approximatedr curve
gererated from minimum square fitting method. Thus, total filter volume is formulated
as:

wé a O & Q6w Q00 (5.28)

where, C and L are DM filter capacitors and inductors of each sthgecoeficients

k. andkc can be estimated from a large database of datasheet specifications of the used
filter componentsThe relation between filter volume and energy can be formulated
more accurately if another linear term of inductance / capacitance valiged to the
energy term; however, this would lead to high complexity in performing optimization
method and hence, will be looked into in future studiesm the collected database of
suitable film capacitors from TDK1B9 and highflux based DM inductors from

Magnetics 120, the estimated linear fit between volume and stored energy in inductors
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and capacitors yields to the parameter values as folléws: @ p ma ¥ (and
O m n@a T Oin the process, the tuning variables are LC parameters and
number of cascaded stages.

At a frequency of interediy, the required attenuation is given the difference
between spectrum amplitude without any filter and the maximum limit according to

conducted EMI standard, shown in E5§.20).
00 5 Q ¢l e—— 0'Q4do. (5.29)

Typically, 'Q is the same as design frequenfy where the first spectrum peak
appears in conducted EMI range our case,;Q is 200kHz i.e. twice of switching
frequencyWi t hstagencéscade LC filter, the attenuation offered at the freqfigncy
would be as followsd 0 M thiC€QO 67T . For complying with the
DM requirenent, the following relation must hold trued 6 "Q

00 i Q. SubstitutingL in terms of required attenuation a@din the volume

expression, the filter volume can be restructured as follows, which formutetes t

minimization problem.

O ™ Q6o Qo- —— (5.30)

The solution for a minimal volume is given by:

e
— 1 whichyields6§ — ——M— (5.31)

For a given numbemj of filter stages® can be determined to minimize the filter

volume; however, the obtainedvalue may not satisfy its upper bwlirequirement,
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shown previously in Eq5(18).In that case) is fixed at its maximum allowable value
and0 is determined using the attenuation requirement relafigmically, number of

filter stages could vary from 1 to 3; therefore, such processafoulatingd ando is
iterated fort  phcho and the ¢  combination corresponding to minimum total
volume is selected for the final desidinis method yields to the following parameters:

¢ ¢P wo ® o pédor the PFC stage to be colyipg with DO-160F
standard.

Moreover a relatively more formal methagsing suitable optimization algorithoan

be applied to determine the LC combinatiofilse constrained optimization problem
stands out as to minimizihe cost function &  subject to the conditiod 0

0  , obtained from the power factor requirement condition formulated in Eg.
(5.18). Genetic algorithm based approach is utilized to solve this problem and the
optimized solution is as follows ¢ p T o penOt is important to
notice that the filter parameters obtained from both the above methods match very
closely to each othelhe corresponding theoretical minimum filter volume turns out
as21 inck., which, however will deviate to some extémpractical implementation

due to standard availableff-the-shelf) filters and approximation of linear relation
between volume and energy. The actual realization of filter is discussed in the next

subsection.

5.4 Filter construction

Finally, the designegtalues of optimized LC parameters satisfying our requirements
are listed in Tablé.2. Total weight of the designed EMI stage with the proposed

topology is 1lbs, which is just 1/8 of the weight of PFC stage and its dimension is 2.5
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x 7 x 2 inch. The poposed design is compared with an existing appropriate design
approach [118] in terms of the LC parameter values and their corresponding quantities.
The EMI filter design method, discussed ¥8§, proposes a teestaged cascaded

EMI filter and its specifications are listed in TaBl&. As a major difference in terms

of weight and compactness, the important factors are the quantities and equivalent
values of CM and DM inductor chokes due to their dominant sizésveights, which

are less in our design than the approaci 3§

Table 5.1. EMI filter component values in our proposed topology

Component Value Quantities Specs

X-capacitor 310nF(each) 3 Film capacitor, 530V AC

Y -capacitor 4.7nF(each) 7 Film capacitor, 330V AC

CM choke 1.4mH 2 W409 core, Iron based materie
Bmax=1.2T

DM choke 100pH 6 T90 core (90% Tungsten)

Cp,cmandCn,cm 11nF each 2 3kV DC voltage stress capacity

Table 5.2. EMI filter component values in the topology proposedli®q

Component Value Quantities Specs

X-capacitor 680nF (each) 3 Film capacitor

Y -capacitor 220nF(each) 9 Film capacitor

CM choke 2.1mH 3 T60006L2040-W453 (toroid)
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DM choke 166uH 3 00K4017E090 (Kool Mu, E core)

As an important design requirement, the CM and DM inductor cores should operate in
linear region of BH curve at the rated power, with minimum losses due to DC
resstance and magnetic core. The CM inductors have to withstand the high frequency
CM voltage. In addition, the comaturation is avoided if Eg532) is satisfied.

To
i ?/CMdt (V% T,

> B = L = (5.32)
A NA,

B

sat

where,Ts=1/fs. Tp denotes the maximum length of@mmon mode pulse. In our design
To=Ts. Vo, N and Are denote the instantaneous output voltage, number of turns on CM
choke and effective flux area of the core, respectively. Accordingly, very high
permeability (u=40,000) toroid cores (part numbers W408 WB80) with high
saturation flux densityBsag), are used in the design of common mode chokes. The high
frequency DM current ripple does not cause magnetic core losses due to the mutual
compensation of the magnetomotive forces (MMF) but DC conductioadassised

by skin and proximity effect have to be considered in selecting the core. Accordingly,
the toroidal cores (T90) with relatively less permeability than CM core are selected for
the design of DM chokes.

Furthermore, the capacitors are selecte@das the voltage ratings, which are at
least the peak value of lidme input voltages for X capacitors and Hgeound
isolation voltages for Y capacitors. To maintain these requirements in our design, film
capacitors with lower ESR (part number: B3283224K) are used in DM stage and

film capacitors (part number: B81123C1472M) with higher isolation voltage (3kV) are
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used in CM stage of EMI filter. Furthermore, an upper limit of the number of filter
stages Nlmay could be determined using Ec.30)- Eq. (5.31) for overall volume
minimization. Atteq is the attenuation requirement by DM filter stage at the design

frequencyfp andAtt.c is the attenuation of an Lfter with N filter stages.

Att,c(f,) = (266,)™ (2LC)" 2 Aty (,) (5.33)

1
Ny = = IN(Att, (T, (5.34)
@)y eLe) M At o)

Accordingly, an optimal number of filter stages is obtained as 2 and thus, implemented

experimentally to meet the conducted EMI requirements, evaluated in S2tion

5.5 Experimental results

With the design considerations proposed iecttdn 5.2, as a proebf-concept
verification to the operation of EMI filter for a thrpdase boost PFC converter, a set
of experiments is conducted with a 6kW hardware prototype for integrated EMI&PFC
stage, shown in Figh.12. Since the applications dfie developed prototype mainly
focus on the avionics domain, the selected EMI standard K&®, which has a

conducted EMI range from 150 kHz to 30MHz.

- 2" stage
EMI filter

1% stage
EMI filter

Fig. 5.12. Photo of the integrated EMI ankreephase boost PFC prototype.
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The complete range of conducted EMI spectrum, combining DM and CM range (150
kHz to 30MHz) after the filtering action by our proposed topology, is demonstrated in
Fig. 5.13, which ensurescomplying with DO-160F conducted EMrequirement
standard at all frequencieBhe plot below is obtained by plotting the extracted data

from spectrurranalyzer into MATLAB.
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Fig. 5.13. EMI spectrums over entire conducted EMI range after applying the proposeditemM| f

Fig. 5.14 represents the input phase displacement in the current waveforms, power
factor and THD after the filter stage implementation, at 6kW output power. An input
phase displacement of 1.8 degrees, power factor of 0.999 and 4.3% THD are measured
from the reported results of the integrated stage of PFC and EMI. The conversion
efficiencies of PFC alone and integrated PFC & EMI stages a#8698nd 98%,
respectively, which are greater than the reported value of 96.7% efficiency, in an
existing EMI& PFC integrated stage, proposedi2(]. From the efficiency values of
PFGalone and integrated EMI & PFC stage, the efficiency of EMI stdgee would

be 99.6%.
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Fig. 5.14. Experimeh al waveforms of the converter at 6kW (a)

6BO current, VoB650V,ik (RMS) ¥a6RMB)a A5A Van (RMS) =230V, Ru=6kW.

As another evaluation parameter, harmonics of the input current are calculated by
Fourier analysis of the measured current waveform tffl 8@ler and shown in Fig.

5.15.

1/1(%)

5 10 15 20 25 30
Harmonics order

Fig. 5.15. Harmonic spectrum of phase current at rated input and 10kW load.

The harmonics content is quantified by the ratio between RiM&rmt value at a
harmonic frequency () to the fundamental RMS.jl A switching frequency of 100

kHz is used such that the carrier harmonics are above tHena2Honic under 800 Hz

line. Thus, considerably less harmonics content at multiples of tidarfental
frequency enables the converter to achieve a THD as low as 4.3% at 230V phase

neutral 400Hz AC input and 10kW load power.
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5.6 Summary

In this chapter design of a threphase EMI filter topology to meet the conducted
EMI requirements of a thrgghase boost PFC converter for avionics applications is
proposed and discusseddetail along with identification and modeling of CM noises,
originated from different sources. The integrated combination & ont-end EMI
and boost PFC stage is demg within a dimension of 12x7.8x4 irchvith a
volumetric power density of 1.1kW/liter. Furthermore, a comparative study between
the proposed twgtaged EMI filter topology and existing CC topology with same
weight and dimension, shows that the proposgmblbgy meets the conducted EMI
requirements at all frequencies between 150 kHz and 30 MHz, as opposed to the CC
topology, which fails to satisfy the requirements at some frequencies in DM and CM
range. The EMI spectrum amplitude is reduced below 60dBiAs@kHz and below
20 dBpA at frequencies above 2MHz with the proposed topology.

The integrated stage of EMI and PFC is tested up to 10kW at 230V RMS phase
neutral, 400Hz AC input and 100 kHz switching frequency. The EMI stage maintains
a conversion effiency of 99.6%, THD of 4.3% and adds a maximum pishse of
only 1.8to the input line current, which enables the converter to maintain a good power

quality.
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Chapé €ascaldvesdt algseo | AGDeCd Converter

for RTRU ApQdntcradlii cannsgln €y f

Maxi mi zati on

The proposed power electronic architecture in RTebignis acascaded®C-DC
converter, whictconsists of a threphase boostype power factor correction (PFC)
rectifier followed bya phase shifted fulbbridge (PSFBDC-DC converter Although
the design, anal yses and i nnovative
performance have been discussed in the previous chapters, it imptltant to
research,nvestigate andliscuss the overall stability, dynamiperformance and
efficiency maximizatiorstrategyfor theentireRTRU. Since RTRU operates at variable
loading conditionsnside the aircrafta uniqueset ofdesign space variables, such as:
control parametersgnd switching frequencwill not lead to the globally optimized
performance; ratherthere needs to be a supervisory controller that sell the
command for these changeable parameierensure the optimized power quality,
efficiency at all operating conditionkeeping these objectives, the following research
ideas are introduced,developed anderified in three section®f this chapter:(i)
stability analysisand therebycontrol loop design fopower factor maximization,
dynamics improvemerntf the integratedonverterat a wide range of load aidC line
conditiors (i) maximizing the net RTRU conversion efficiency by varying the
intermediate DC link voltage at different loading conditigiaerived from loss

modelling)(iii) minimizing the intermediate DC link capacitartbeoughripple current
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harmonics minimizatin usingduty modulatiorandaninnovative control loop design

All these sections are elaborately and comprehensively discussed as follows.

6.1 Reduced observer stafeedback control

The control methods play crucial roles in determining the overallistalynamic
performance, and perfect regulation of the converter. The stability and regulation issues
become more critical in case of a cascaded converter topology, which is studied in this
chapter Even though both stages might individually be stalileough their
independent control systems, the cascade combination may lose its stability and
regulation at some operating conditions. Several research wbddsl4Z have
concentrated on resolving such instability issues in a cascade converter. Tha work
[14]] focuses on the improvement of phase & gain margins through manipulating the
input impedance of the second stage in astaged AGCDC converter by a digital filter
implementation in the feedback loop. Although there is a certain improvement in the
gain and phase crossover frequencies, the method overlooks the effects of the output
load power variations. Furthermore, a stapilnvestigation on cascade tvetaged
PFC converter is donm [142-143, which experimentally detects and proves the
occurrence of period doubling bifurcation phenomeauadioes not discuss any control
approach to prevent this instability issue.

A research on control strategy for high power -BC-AC cascaded power
converter is carried out ilfl4, which proposes cascaded voltagatrol, power factor
control and voltage balancing control. However, the work does not address the potential
issue of instability, which may arise due to the change in power flow direction i.e.
rectifier to inverter mode. In addition, a control methodcascaded buekoost PFC
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converter is proposed 145, which achieves a nedistorted sinusoidal current for
wide range of output voltage levels. However, similar control approach is not
applicable for an integratl threephase PFC and PSFB converter due to different plant
characteristics. Furthermord g presents an analysis of the instability of PFC power
supplies with various AC sources, considering the input impedainitie PFGupply

at different load conditions. Several qualitative solutions for damping the voltage
control loop or adding power dissipating elements to the resonant circuit to reduce
guality factor are proposed to improve the stability; however, ihas verified
experimentally. Furthermorstability analyses of cascaded converters for bidirectional
power flow applications are discussed1dT]. This work mainly focuses on the effect

of gainrmargins of botlstages on the cascade stability; however, the study does not
include the methods to improve the overall stability. In addition, more related studies
[148-151]] are performeavith the focus of stability investigation of cascade converters
and a majority of those manipulate the conventional averaged current control loop to
increase the stability margins. However, the effects of other control strategies on
improving the stabilit are not considered in these studies.

In order to address and alleviate the issues related to the instability of a cascaded
two stageAC-DC converter, a reduced state obsefvased statéeedback control
approach is proposed in thiebapter The integreed PFC and PSFB topology can be
structured as a thrgghase PFC converter with a switching load, which represents the
DC-DC stage. The input impedance of ID€-DC stage acts as the output load of the
first stage. It is shown that the cascaded converégriose its stability at some output

load conditions with the conventional PI contrallBine main reason for such instability
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is that the overall closed loop transfer function of thpkase PFC stage will inherently
encounter rightalf poles at particar load conditions. The proposed approach
eliminates the occurrence of right half poles, as all the eigenvalues of the closed loop
transfer function are inherently negative, irrespective of the feedback gain parameters.
Furthermore, even though the coneeris stable with the conventional PI control at
some load conditions, the input power factor deviates from unity due to the imposed
constraints on the Pl parameters to ensure stability. Therefore, there will be reactive
power transfer to the load sidesudting the efficiency degradation. The proposed
control helps the converter achieve a unity power factor at all load powers, as the gain
parameters are independent of load resistance. Another major contribution of this
control is that it reduces three sen counts (i.e. one input phase curré@-DC
primary current and final output voltage), whereas these measurements are definite

requirements for the conventional Pl control.

6.1.1 PSFB converter modelling:

In order to control the cascaded AXC conveter shown in Fig6.1, it is required
to model theDC-DC stage as an equivalent load to the first converter stage i.e- three
phase PFC rectifier. The input impedance of the PSFB converter is the same as the
output impedance of the PFC stage, which hapsduce the overall topology to a
threephase PFC with a switching load. Therefore, it is necessary to investigate the
equivalent input impedance of the PSFB converter. Letp& the instantaneous
primary side voltage, created due to the linked flux\dnis the instantaneous voltage
across the primary side of the transformer including the leakage inductancgband Ls

the net primary inductance. Also, | etds
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capacitor and output inductor akesir., and &, respectively. Therefore, the following

relationships can be established from the analyses on the primary and secondary sides

of the transformer.

— ldip
Ve =L, E-"Vl (6.1)
\'A .
— =L —+r i +V, 6.2
n dt " (62)

Taking the Laplaceaansformation of Eq.6(2), the following relationship is obtained.

i(s)

o (SLs +1)is(8) +Vo (8) (6.3)

Fig. 6.1. Integrated two stagAC-DC converter for RTRU

The secondary side current canftlenulated as follows in Laplace domain.

(=t Vo 64)

Taking the Laplace transformation on E§L}-Eq. 6.4) and usings{s) = np(s), the

following relationship is obtained.

Vp _ 52(R+ rC)Col‘eq + S(Leq + rIZCOI‘L(R-F rC)) + an(l+ SCorC)
i, 97 SG(R+1) +1

(6.5)
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where, leg=Lp0 +Ins. The net input impedancen) can be formulated as follows.

Vv V.., V.|
Z,,(9) =$=%3 i—"3 I—p (6.6)

o p p o]
where, wc is the instantaneous output DC voltage. From the -ti@sionic
approximation (FHA), the above relationship can be restructured.48.B.

V V
zin(S): -DC = oC .
<|o >1 <Vp> <|p>

3 <Vp >13 <|p>1

6.7
< io >, ( )

1 1

where, <\f>1, <ip>1, and <p>1 represent the first harmonic components of the
primary voltage, primary current and input current of the PSFB stage, respectively. For
any phase s Hhafnoniceamliutiesof thie primarynvdltage i.em@an be

determined as follows.

a,== OV, (sin(nt)dt :V—n?;[1+cos(mf)]’ [1- (- )] (6.8)

1
P
Accordingly, the first harmonic amplitude of the primary input voltage is

formulated by the following relationships.

2,

|Vp1 |: ,0

(1+cog(f)) (6.9)

Voe  _ P
<V,> 2(l+coy)

(6.10)

Furthermore,dcan be expressed in terms gfds follows; é=ipi f O&,d=<0if
0 <dsg&Z-pi i T kyd=i20 -l f <@<27 . Therefore,
components obiand p can be related by determining Fourier coefficient as follows.

<ip>1_ ),
<i,> 2(L+coy )

(6.11)
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Therefore, the nehput impedance can be determined using Eq. (7) and is formulated

as follows.

_ p’ 5 S(RH1)CoLeg + 8(Leg + N*Cor (R 1)) + n*R(L+ G ) (6.12)
4(1+coy )* sG(R+1.)+1

Zin (S)

The form of Zi(s) helps us to represent the wh@€-DC stage in an equivalent
impedance form as shown in Fi§2(a), assuming the ESRs to ber@ and k =

2l 4(1+cos ()

bc B lo ~ @

~c

g =

2 3 Si)

+KLey kn?r, kn“‘R ) ;:i 3
AAAA 10 5

i 2 knzr : 8

0 Co/(nk) c %;5 ‘ﬁ'

N

Fig. 6.2. (a)TheDC-DC converter model as an equivalent load to the PFC (b) One phase of the

integrated converter

Therefore, the net phase lag of the input impedance damrbelated as Eq6(13)

and will be used in calculation of the phase difference in overall control loop for

stability condition.

wk mL,, - NRC, + W?R?C°L,,)
F o =tan {(————)- tan }(wC_R) =tan [—— 2 ° = (6.13)
/ lag (nR- WZRC L ) ( o ) [ nR ]

0 —eq

6.1.2 Threephase boost PFC converter modeling

For analyzing the overall transfer functiontbé threephase PFC converter with
load impedance 4s) =Zn(S), the threephase sixswitch PFC is split into three cress
coupled single phase ABC PFCs, whose inputs have a common coupling term of

Vnn i.e. potential between AC neutral and DC link negaterminal. This could be
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justified from t he -phasesingle phase PRCls¢he potergialt o f
di fference between i 06th phas e,whichdanbehe DC |
expressed asiV=Vin+Vny, i.e. the sum of phaseeural voltage (\h) and neutraDC
link negative potential difference {\). One of such singlphase converters (of phase
0AOG) i s s@R2@wn in Fig.
Vain could be 0 or ¥c, depending upon whether lower leg switchiSON or
OFF, respectively. Therefgréhe switching average of the voltage across the leg
mi d p oi H phase fo thé ried@ative terminal of DC link i.e.\Wvould be dxVoc,
wheredur epresent s t he hi'ghhse. slénceeEcpd4) toyldbeat i o o f

formulated for anyAC-DC converter.
~ i,
an +VnN - La + dkHVDC (6.14)

Applying summation operator to both sidesof BEfL(4) and by varying

from A to C, the subsequent relationships are formed for a balancegtiase system

i.e.
\7An +\78n +\7Cn = 0 (615)
~ 5 d <. <
(VAn +VBn +VCn)+3VnN = Li(a Ik)+VDca diH (616)
dt k=A i=A
S
VDC@ diH
\VN =+ (6.17)
Thus, t he reference duty rati o for phas

relationship in discrete time domain with sampling tir@dd outptDC reference of

Vpc*, and similarly other phase duty ratios can be formulated.
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M = K, sinunT,) + dag[n- L +dgy[n- Y +dey[n-1] VDC* (618)

DC 3 VDC

daaln] =

The circuit structure in Fig. 2(b) leads to the following relationship.
V= SLiA(9) +d Vi (9) (6.19)
Taking perturbation on bothdes of Eq.4.19) at the operating duty ratios o) DgH,

DcH for A, B, C phases, respectively and using BdLg), the following smalkignal

transfer function between phase current and intermediate DC link voltage is obtained.

Dia(s) — 4DAH + DBH + DCH (620)
Dvpe (9) 3sL

The output DC link currentdt) can be formulated as the sum of switching averaged

currents of three top side PFC switches, formulated as follows.
e = @ Al = (A - dep)iy + (dgy - Aoy =g +ig (6.21)
k=A

where tmiadenotes the current through the D@slrapacitor C. Considering an ESR

rc an the DC bus capacitoiria and \bc can be related as follows in Laplace domain.

VDC (S)

lemia(S) = —————
e+ e

The DC link voltage can be written asic\= ioZL, which leads to the relationship:

(6.22)

Pwc=ioP 4L+ZLpé. Substituting wc with voc = Vpct  grVand duty ratios as
dwi=Dkn+ d in Eq. 6.23) the following relation is obtained.

sC DV, + DVpc
sCr. +1 Z (9)

=(Day - Dcy)Di, +(Dgy - Dgyy)Diy +(Ddyy - Ddgy)l 4 +(Ddgy, - Ddey )l g
(6.23)
where, the instantaneous DC link voltage i.ec i represented asdhsum of two

components i . e. apcanuthédverage OCrvatage vegylartda g e
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similarly, dan = Dant+ op@h. Applying Laplace transformation on the both sides of Eq.
(6.20) and with zero perturbation on the phase currents, the followiatoredhip is

obtained.

Dd . (5) _ SCre. +Z,(9) +1
DVoe (8)  Z, (91 oL +SCre)

(6.24)

Dividing Eq. 6.20) by Eq. 6.24), the phaseurrent to the duty ratio transfer function

can be established.
D, (s) _ (re +Z, (9 4 (2- 4D, +Dgy + D¢y 3)

_ (6.25)
Dd . (9) SL(SCZ, (5) +SCL. +1)

G, (9=

Similar plant characteristics will be olnad by analyzing the other two phases of

AC-DC converters (phase 6B6 and 06Cdo) .
6.1.3 Regulation issues with the PI control

The control objectives are to: (i) regulate the output voltageadits reference
value W', (ii) maintain the unity input power d¢or operation for all threphases. In
a conventional control system, the output of the DC link voltage compensator (PI) acts
like an active power reference and is multiplied to three input phase voltages to generate
the current references for the inneop current controllers (P1). Therefore, the loop
gain transfer function for the phase current control can be represented by:
L(S)=Gu(S)&(s), which is given by the following relationship.

_ (kys+k)Y(re. +Z,(9))
 S’L(1+SCZ () + sCL..)

L(s) (6.26)
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where, G(s)=kytki/s and ¥=la(4Dan-DeH-Dch)/3. Substituting Z(s) from Eq. 6.12)
into the above relation, and applying Rotithrwitz stability criterion, it is obtained

that both the following conditions must hold simultaneously.

nL<RL,CY (6.27)

EYOO YO 6O 0 0Qa 0 YOO 0 0B (6.28)
Although the second condition can be satisfied by tunirand k adaptively, the first
requirement is totally dependent on the system pamgm)eibad resistance and the
operating duty ratios, which we have no control on. Therefore, the overall plant may
lose its stability at some operating points of output load powers. Above all, even though
the plant is stable at an operating point, the imauter factor is not unity due to the
narrow allowable range of Pl parameters, according to the imposed condition at Eq.
(6.29). To justify it mathematically, the overall phase gB)iia*(s), should be
calculated and checked whether it can be set to, zeitb allowable controller

parameters.

Ol Ba— O —— Ol @ L (6.29)
Nj Nj

The converter is operating as a PFC converter if the overall phase of the control loop,
obtained from EqQ.§27) can be made zero by tuning the Pl parameters in their
allowable ranges according to E.28). In order to verify ttg, the plot of maximum
attainable power factor i.e. cos(asg)/i=*(s))) against the load power is shown in Fig.

6.3, obtained from MATLAB using the design specifications provided in Talle
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Fig. 6.3. Power factor variation over load power at two different control strategies

As it can be seen from the Fig. 3, the power factor is reasonably less than unity at
heavier loads, reducing the overall conversion efficiency. In addition, it increases the
reactive power transfer to the intermediate DC capacitor (C), with twice of grid
frequency ripple components. Furthermore, there is an inherent issue of instability,
irrespective of Pl parameters, according to B(5), which makes the conventional
control inappropriate in terms of regulation and stability of this cascadedd@C
converter. In order to resolve these control issues, thefstdback based control with
reduced state observer design is proposed and explained in the 8dcfion

Furthermaoe, as a part of special cases, the system stability at no load and short
circuit conditions is discussed. At no loadA® ) , the equival ent i np
becomes as follows, which acts as a series RLC combination with equivalent resistance
as r(r.+re).

S°Lo C+sn(r, +r.)C+n’
Zin,NL = SC

1
= sl +n2(§:+rL +1.) (6.30)

From the smal/l signal pl ant between DC vol

that the poles of the PFC plant i.e. the solutions of the characteristic equation i.e.
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1+sC(e ¢Z.(s))=0 need to lie in the leftalf plane, in order to ensure the stability of
the converter at ntwad.

The real parts of the solutions of 1+s6€4#, (s))=0 are located at

- nA(r, +rg) + e
L

€q

Re(p) =

(6.31)

which is strictly negative, ensuring the stability of the equivalent atervelant at ne
load condition. Similarly, the shecircuit condition i.e. R 0 yields to the equivalent

PSFB input impedance form as follows:

S’LCle +5(Lq + N1 1.C)
sCr +1

 smrrC

6.32
sCr, +1 ( )

Sk

in,sC —

The stability of the converter plant needs the real parts of the solutibns
1+sC(e ¢Z.(s))=0 to be located at the left half plane. Substitutir{g)4drom the above
expression, the characteristic equation stands out as follows.

S°C?Lyyfc +5°(Clyy +C?n’r 1) +sCr +1=0 (6.33)

Applying RouthHurwitz criterion in an equation AsBs+Cs+D=0, BGAD>0 must

hold given all coefficients are individually positive, to prove strictly negative solutions.

In the characteristic Eq633), BGAD= C3r.rc>>0 holds always true, which proves

the strictly negative poles of the PFC plant at shimauit canditions, implying its
stability. Moreover, the stability and regulation of the system duridgam and short

circuit conditions are discussed more and supported by the experimental results in the

Section V.
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6.1.4 Observer Based State Feedback Control

The observebased statéeedback control is designed for the PFC stage with a

switching averaged load, representing Bf@-DC converter stage. In this case, the

second stagpC-DCconverter i

= nVo*/V bc; where, \b*

S

t

S

he out

oper at

put

ed in

vol tage

open | oo

referenc

ratio and \Ac is the intermediate DC link voltage. A reference output DC link voltage

will directly map to a particular d, which acts as a controlled variable. Therefore, the

DC-DC switching pulses will be generated in a conventional way with the calculated

phase shift, as depicted in the weditablished literature2p, 94] and shown in the

control block diagram in Fig 4.
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In order to establish the state feedback control of the casédii®iC converter,
it is important to determine the state variablesthe system. By removing the
redundancy in a thregghase balanced system, there are seven state variables i.e. two
input phase voltages, two phase currents, the intermediate DC link voltage, primary
current of theDC-DC stage and the output DC voltage. ®tate space equations for
the overall converter stage are established as follows in6B4){ Eq. 6.35) using

Eqg. 6.14) and applying W=(dan+dsH+dcH).Voc/3.

_ G — (6.34)

— _— — (6.35)
From the intermediate DC link capacitor current relation in &86], the following is

obtained.
1o (A - Aoy )+, (dgy - dey) Zlen *, (6.36)
where i is the PSFB input currentria is the current flowing through the intermediate

DC Il ink and afi®qg, il et 6 § i g whch wbeld be wsedtini v e

later analyses. From the Eq. (12) and Fadt, the following relationship can be

estabished.
Qi Y 1 60 i 0 EO01LY 11 i EYQi i OY
| pu (6.37)

which implies
QYED — 0 — £YQ  8Y— U (6.38)
Wher e, dROalLBFC(R+rIc+RIC).

Assuming— "Q Eg. (39) can be restructured as follows:
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QY6 — 0 Q & 'YQ oY — U (6.39)

Since the PSFBC-DC stage is modeled as an equivalent load, its associated state
variables are embedded in the above relation. Therefore, it is required to redefine the
state variable vector % = [iaib Vbc io 11] based on the Eq634)-Eq. 6.39), where,d
and i are two augmented state variables. The input variable vector is defingd-as:

[Van Ven]". This control will be carried out with utilizing four measurements ie. i

Ve, Van, Ven. As a benefit of the proposed control, one phase current sensor can be
eliminated by estimating its value accurately and using it as a feedback state variable.

Il n our design, phase O6A6 current informati .
60 B6 ¢isastimatad by the observer and used as another state variable.

Thereby, combining Eq634) - Eq. 6.39) and comparing with the state space
equation for linear time invariant (LTI) systems xe6 = A x, thdmatrice®\ andB

are determined as follows.

& o  Yautdoy-2dy +d§HL' 2d 0 0 o 8
& o]
aflan - Aoy dg, - dgy -1 o}
0 — — 0 (6.40)
& C C C 0
A=$ 0 day +d§,li- 2dg, 0 0 g
& 0 0 0 0 1 5
@AH " dCH 1 dBH - dCH - (n +1)R Leq 0
ge Cl, RCL, Cl, RCL, L,RC?
al 0§
& 0
® 1o
B=% 09
& 0
a® 00
% ol
(6.41)
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In this control, the output variable is the final DC output voltage ile=Vpcli / n. As
seen from the Fig. 2(a) (ignoring the ESRSs), the output current can be written as:

V., Cay,
° kR k dt

(6.42)

Replacing d\/dt from the above relation into E®.86), the output voltagecan be

expressed in terms of the syststate variables, as follows.

ﬂ(&_ £)+i_0: ia(dAH - dCH)+ib(dBH - dCH) (6_43)
jC RC C C

i nki. : .
Vo =R/T[(1+T)|o - (dAH - dCH)Ia - (dBH - dCH )Ib] (6'44)

Comparing the above relation with the state space equéterCX+DU for a LTI

systemD is obtained as nulDj matrix andC is as follows:

' nk 0
C:& (day - deyy) O - (dg, - deyy) 1+T 0g (6.45)

n

v(')aﬁgmo

C can be split a = [C1 | C2], whereC1 and C2 are X2 and k3 matrices,
respectively with the same sequence of elemer@snmatrix. Sincey, io and i will be
obtained from the statestimators by observer design, the staeable vector can be
split asX =[X1| X2]T, whereX1= [ia Vbc] is measured vector anh = [ibio i1] is the
observer based estimated vector. Therefore, the mfairan be split as follows with

retaining same sequence of elements.

ATE, a0

where,A11, A12, A21 andAzz are X2, 2x3, 3x2, 3x3 matrices, respectively obtained

from matrixA in Eqg. 6.34). Similarly,B = [B1|B2]", whereB1 andBz are %2 and %3
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matrices fromB in Eqg. 6.41), respectively. In a reducestate observer design

approach, the estimaté® can be expressed as follows.

— 6& 6O 66 Do O (6.47)
y=C,X, +C,X, (6.48)
F=CX, +C% (6.49)

where,L is an observer gain matrix, given by (L1 L2 L3)". Substituting Eq.6.48)

(6.49) in Eq. 6.47), the following relationship of the estimation errors in state variables
i.e. e=X,- % can be established.

Q0 Q 06Q (6.50)
Therefore, in order to minimize the estimation error asymptotically to zero, eigenvalues
of the matrix §1-A22+LC2) have to lie on the lefialf plane. Since the eigenvalues of
(sl-A22+LC2) are same as the solutions of dskA22+LC2) = 0, RouthHurwitz
criterion could be applied to find the conditions for obtaining negative eigenvalues,

which leads to the following relationships.

3 nk 3

by s+l (dgy - dey) ql—1(1+7) 0 P

® o}
eige gL+ s+al, @+ ) 1 6<0 (6:51)

& / , / . 0

8edCH - dBH + R(n"+1) nk leq O

0Ly (dgyy - o) - tal1+—) s+
? CL, Mo CLR j L.RC8
nk
L1L2L3(1+7)(dBH B dCH) <0 (652)
nk

Ll(dBH - dCH) + L2(1+T) >0 (6'53)
where, q=R0G/n. One noteworthy point is tha
| oad resistance OROG and hence, any |l oad v:
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observability conditions, as long as, Lz, L3 are chosen by satisfyg the conditions
Eq. 6.52)Eq. 6.53). In our design, 4.is always set positive, andi(dsn-dcH) and
Lo(1+nk/ G) are set positive to satisfy the

The reference duty ratios for three phases can be generated throughestbek

control as:

Dd,, =-[K,Di, +K,DV. +KDE + K, DE| (6.54)

Dd,, = -[K,DE +K,DV,. +K.DE + K DE] (6.55)

Dd.,, = [-K,(Di, + DE) + K DV, +K .DE + K D] (6.56)

where K= [K K2 K3z K4 Ks Kg] i's the gad mpwec dapithand i

variations in the respective currents with respect tgptbegious sampling. The state

space equations forpand X is represented by the following relationships.

— D 6B BTV (657)

— 50 B B8 (6.58)

Taking Laplace transformation on both sides of Bg7) and Eq.&.58) and making
the variation in the input voltages to be zero, the following expressions can be obtained.

DX,(9) _

sz(s) (Sl - An) A&z (6-59)
DX,(S) _ oy p \1
ox (g = ! A (6.60)

As both the matrices Aand A are dependent on the control variables i.e. phase duty
ratios, the ranges of the gain parameters need to be determined from the stability
condition that the eigenvalues of the matricesAg) and (stA22) mug lie on the left

half plane.
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% S 2dBH* - dAH* - dCH* g
Ay-® ) 3L 0 6.61
(S| Au) GQ:ICH - dAH o4 L'eq g ( )
¢ C L,RC g
3 3
& 0 0 0
(sl- A,) =28 s -1 6 (6.62)
& R(N*+1) L'y ©
® LR L. Rc?
g Leq eq -

From RouthHurwitz stability criterion, the following three conditions must hold to

ensure the negative eigenvalues.

Rzlcz + 48: Y50 (6.63)
(2K,Di, +K,Di,)K, >0 (6.64)
K, Ks,Kg>0 (6.65)

Eq. 6.63) always holds as it is a sum of two positive quantitiaskKKand Ks can be

set any positive quantities to ensure the stability. Howélwewvalues of Kand K will

be condition specific, depending on the variations in the phase currents. One easy way
to set these parameters is to sekpositive value and #-Ko( i 2 Jpwhich will

satisfy Eq. 66 4 ) . Theref or eaandty, ape @ b cospatetpahde i
accordingly, K, K> will have to be set. Thereby, the operating duty ratios are obtained
by the discrete ti me dgdmad anogdnarated gyrEg.t i o n
(6.54)(6.56). The PFC gate pulses are generated byirfgetthe duty ratios to a
saturation block (0.08.95), PWM generator and debdnd module, shown in Fig.

64.
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l. Selection of controller and observer poles

The poles for the stafieedback controller are placed based on fixing a settling time
oftwolinecx |l es i .e. 5ms for both phase O0AO6 curr
at the starup as well as under any load / line transient. Therefore, the farthest pole
magnitude would be corresponding to inverse off B&tling time, as the 2% settling
time is typically 3x time constant in an asymptotic tracking. Hence, in our design, all
the statdeedback poles are set at or belei(5/3)ms =-600Hz. Therefore, the
characteristics equation by pole placement method (three repeated p@e8H)
becomes: Ji( s ) = ( s . Zomp&idgithe polynomial coefficients ofis) with
the determinant ofsl-A11), the controller parametersi Ko Kes are obtained. The
overshoots in the controlled state variables with variation of controller pole locations
are obtainedrbm a simulation, plotted in Fi§.6.

The objective of the pole placement for the sfatglback control is to ensure
settling of all state variables by 5ms i.e. two line cycles at thewgiaas well as during
load / line transient. Therefore, the mattatical closedoop transfer function model
of a statevariable to its reference is checked with a step responses.Fighows the
step response of the transfer function of DC link voltage to its reference at 4 different
pole locations. As can be seearfr the above simulation result, five repeated poles at
-800Hz results in minimum overshoot and a settling time below 3 ms, which satisfies
our target. Five different poles each at 100Hz interval starting #6@®@Hz results in
maximum overshoot, which iohdesired in hardware implementation.

Therefore, selecting the controller poles -800Hz (five repeated), the state

estimators are designed. Under a closed |
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current (b), it takes less than 2 ms to reach steadiestas shown in Fid.6. Also,

there remains a constant estimation delay of 40us between the response patterns with
and without observer (three repeated observer polé®adtHz), which keeps a good
agreement with the theoretical calculations. At ddferobserver pole locations (two
poles at50 kHz, one at30 kHz), Fig.6.7 exhibits that the observer response is delayed

by 80us, which is expected due to decreasing the pole magnitudes.

poles: -800 (five repeated)
— poles: -600(two), -800 (three)
poles: -600(two), -700(two), -800
‘ — poles: -600, -700, -800, -200, -1000
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (s) x10°

Amplitude

Fig. 6.5. Step response ofpé(s)/Voc'(s) at different pole locations

In the process of state estimation, the estimation time is very crucial particularly for
ib, @s any estimation time delay ismwould lead to degradation of power factor and
hence, reduction in efficiency. In the pole @aent method, the observer poles)(
are inversely related to the tracking time. With a requirement of keeping power factor
above 0.995 needs to ensure the time delay is not more than 40us, which is four
switching cycles. Due to the asymptotic tracking, the net estimation time is ty@@call
ti mes of the ti me pdennesthebserve(pdld with melximume U=1/
absolute value is1/(40/3)us =75.1 kHz. In our design, all three poles are set at the
same location i.e.-75.1kHz, which gives us the characteristic equation as
TS ) = ( s + 2 3 By7cbnip&riig) the polynomial coefficients ofu{B) with the
determinant ofgl-A22+LC2) in Eq. 6.51), the observer gaing,LL,, L3 can be solved

in terms of operating conditions and system parameters. It is to be noted that the
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observergains vary with the operating conditions (instantaneous duty ratios, phase
current values) even under a fixed set of pole locations. The overshoots in the estimated

state variables at different pole locations are obtained from a simulation, plotted in Fig

6.6-6.7.

=

=
S ih = in

-

= h
S i = n

Amplitude with  Amplitude with
controller only controller + observer

=]
=]
[
=]
=
(=]
=N
=
-]
-
-
=3
[
=
-
=%
o
-]

Time (ms)

Fig. 6.6. Closed loopstep esponse of phase 6B6 current with and

50kHz)
]
£E1s
=2
c8 1
Tt
£ 205 -
23
EE 0 i 1
<5
¢ 1.5 T T T T —
-E 2 H
ES 1 \_/\/\/V\NWWWWW
L
=) : -
F0s
E*E 0 i i i i I ]
g o 0.2 0.4 0.6 08 m 1 1.2 1.4 1.6 18

Time (ms)

Fig.6.7. Closed loopstep esponse of phase 0B oerveratipales {wioatwi t h and

50kHz, one at30kHz)

Il. Disturbance immunity of the proposed control system

Besides confirming the stability and observability of the cascaded converter, it is
also required to justify the disturbance immunity of the system. Therefere mean
high frequency Gaussian disturbances are added to thefestdtgack controller

outputs (system inputs) i.e. the manipulated phase duty ratios. In a simulation study,
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the net duty ratio is generated by adding the g$estdback output with a MHz noise
pattern n(t J)=whichlis restriated {itRin 0% Gand of the maximum
variation of any duty ratio. For an illustration to the disturbance immunity, the
transients of perturbation of five state variables are shown ir6Biglt is roted that

the transient oscillations created due to disturbance injection dies down to zero within

40us i.e. four switching cycles.
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Fig. 6.8. Changes in State variables under 10MHz Gaussian distgrban

One major advantage of this control is that none of the observer antkstitack
gain parameters depend on the load resistance variation and hence, ensures stability
and high regulation, irrespective of any load variation. On the contrary, in case of
conventional PI control, the cascaded converter has the instability issues, imposed by
the load variation. In addition, as opposed to the fact that the input power factor reduces
at some operating points in a conventional control, the power factor reregyndose
to unity (i.e. negligible reactive power transfer) with any variation in load power,

shown in Fig6.3.
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6.1.5.Experimental Results

In order to verify the proposed control methodology, the converter is simulated with
an input AC voltage of 230 (phaseneutral RMS) at 400 Hz for avionics applications
with the specifications of some of the RTRUs in future MEAs. Both the PFC and PSFB
stage converters are designed based on theestblished design considerations,
presented in the literatur@3, 43, 91]. The key design parameters and specifications
are summarized in Tablé.l. As a noteworthy design consideration, synchronous
rectification is used to drive the secondaie MOSFETs oDC-DC stage to reduce
the conduction loss and each secondary switch is realized by three MOSFETS in

parallel for reducing the effective conduction resistance.

Table 6.1. Key design parameters and their speaifizns

Parameters Values Quantit
y
Input AC voltage (W) 230V, 400Hz, phase -
Output voltage reference £y 28V -
Output power (Rx) 6kwW -
Boost inductance 0.4mH 3
Intermediate DC capacitance 0.1mF 1
PFC MOSFETs CMF10120D (SiC, 1.2kV) 6
Transfamer turns ratio (n) 12:1:1 -
Primary leakage inductanceyL) D@DC | 8 pH 1
stage
Secondary inductor . 7.5 puH 1
DC link capacitor (Gc) 3 mF 1
Primary MOSFETs SiC (1.2kV/24A) 4
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Secondary MOSFETs FDHO55N15A(145A, 6
160V)

Switching frequency ) 100 kHz -

As a proofof-concept verification to the proposed control methodology, a
laboratory prototype of 6kW (continuous)/8kW (peak) cascaded PFC and PSFB
converter is designed and developed. The control algorithm is implemented in a
floating-point DSP TMS320F28335. In order to validate the power factor regulation

issue with the conventional Pl control, the PFC stage waveforms along with output DC

voltage are shown in Fi§.9.

Tek Prevu [

Output voltage (Vo)

Phase $A6 Zero-crossing of Zero-crossing of Phase &6
hase GAGvoltage phase AAdcurrent  Phase @odcurrent (A)
current (A) P 9 _/‘ ) .
M /‘”"”""

\ / i, / \ J
y / = \ A N /
PF=0966 “, Pha%difference™, ./ N’
s -
=15 Phase ®Advoltage (V)
@ i00A & @2 @ 00V @ 100A W) ag
Value Mean Min Max Std Dev } L = . =

@ rVS 9.10A  9.10 9.10 a.10 0.00 {1-““'"5 ][LU“MS/* ][ @ - 7-20"\]
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@ RVs 281V 281 28.1 28.1 0.00 I
@ rMS 9.04 A 9.04 9.04 9.04 0.00 20 Dec 2015
-Hrqum\ry 397.1 Hz 397.1 397.1 397.1 0.000 12:17:27

Fig. 6.9. PFC sage waveforms @ 6kW, 230V AC input

This shows that although the overall system maintains stability,®gpl&se
difference i.e. PF=0.966 exists between the phase voltage and current in the Pl based
control, which gives an overall efficiency to 91% accogdio the measurements. This
is a major disadvantage / limitation of the conventional PI control, which is taken care

of by the proposed control, as verified through the experiments.
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Fig. 6.10 shows the steady state operation of the PFC stage with idtetenBC
link voltage of 650V at 6kW with the proposed stidedbackbased control using
observer and represents the stable and settled down output DC link voltage of the PFC.
The experimental result at 6kW exhibits a conversion efficiency of 98.3%, & PF
0.998 and a THD of 4.1% for the PFC stage, which proves the operation of power
converter with significantly better power quality and higher conversion efficiency than
the conventional control method. Figl1l shows that the output DC voltage of the
PSR converter is settled at 28V DC with a ripple within £1% and with an efficiency
of 97.1%. The secondary inductor current is averaged around 214 A with a ripple of
+10% and it is of twice the switching frequency, as the voltage across the inductor is
rectified form of the linked secondary voltage. The overall efficiency of the integrated
PFC and PSFB stage is measured to be 95.4%, which is 4.4% higher than the

conventional control.

Fig. 6.10. V=650V, i, (RMS) 3 (RMS) =9.06A V, , (RMS) =230V @ 6kW
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Fig. 6.11. PSFB waveforms at 6kW load powerd= 650V, Vo = 28V, Output current: 214.3A

As can be seen in the above waveform, there are periodic ringing oscillations during
the rise and fall of the primary side transformer voltage as well as on the secondary
inductor current waveform. This majorly happens due to the resonance caused by
parasitic gatesource & drairsource capacitances of SiC MOSFETs and trace (&
transformer lakage) inductance, which require developing a parasitic noise model for
being included in the dynamic model of the converter plant, which is out of scope in
this work.

In addition, the cascaded converter is tested at variable load conditions to dlustrat
the effectiveness of control methodology. Under 33% overload (6kW to 8kW), it takes
100us (less than 1/%0a power cycle) to settle down to the intermediate DC link
reference voltage and phase currents, which indicates a reasonably fast transient
dynamts of the proposed control. The time taken by@i@DC stage to reach the
reference output DC link voltage level i.e. 28V is 20us. The waveforms under the load

transient are shown in Fi§.12.
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Fig. 6.12. (a) The converter waveforms under load transient from 6kW to 8kW (b) PSFB waveforms

at load transient from 6kW to 8kW;p¥ =650V, Vo = 28V, fsw = 100 kHz.

Furthermore, the undershoot in the output DC voltage under this load transient with

the statdeedback controller is 10% of the reference value, which proves the state

feedback control to be robust in terms of voltage regulation. The output voltage ripple

is maintained below +1% at the steady state overload condition. Both the measured

efficienciesand input power factor at the entire load power range with the proposed

control are more than the reported peak efficiency and PF values in the previous related

works i.e. 91.6% and 98 in [149, 92% and 0.99 if150.

Zoomedin phase current i waveforms near its peak with the observer

implementation ishown in Fig6.13.
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As suggestd by Fig. 6.13the inductor current variation dynamics in a switching
cycle becomes more parabolic or high order polynomial with using the observer due to
its own effect of higher order filter dynamics. Moreow#e ripple content near the
inductor curent peak matches with the theoretically calculated ripple amplitude, which
is expectedecausehe duty command from the stdwedback controller at any phase
instant does not depend on the obsemedel This is justified from the theoretical
fact thatboth the controller and observer are designed using separation principle (i.e.
pole placement procedures for the controller and observer are independent).

The integrated PFC & PSFB stage is tested with-bbad condition with 230V
400Hz input AC voltageas shown in Fig6.14(a). As soon as the no load is detected
by load power estimation logic, the PFC side pulses are withdrawn and therefore, the
intermediate DC link voltage is held almost constant due to having no discharging path,
except high value gbarallel bleeding resistor. Accordingly, the PSFB output voltage
is maintained at its reference value (28V) by modulating the phase shift, even if there
is any slight variation in the intermediate DC link voltage due to its slow decay through
bleeding restor. Howeverjn this experiment, the intermediate DC voltage is held
al most constant at 650V due to a very
converter maintains regulateditput voltage and DC bus voltage at such a condition,
which justifies the theoretical alyses.

The shorcircuit at the output terminal is also experimented with 230V 400Hz input
AC voltage using a power supply equipped with delivering maximum 10kW. Since
there is no output voltage regulation at stoirtuit case, the objective is set atirfig

the output at minimum 5V with delivering 400A load curréltte load resistance is
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reduced to 0.08q with a -cécOitOndtannp Aftershott cur r en

circuit detection, the phasshift angle amount is reduced as much required to maintain
the total power below 10kW and regulates the output vol&ge3V. Fig.6.14(b)

represents thBC-DC-stage waveforms during shanitcuit.

Tekrrevy g1 sS — — ok Prevy
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J /A Phase GAdcurrent (i, e
o/ ) \ /A =t | ~ o [ \
" \/ \/ . \/ No load transition N

& 5 oy

(@ (b)
Fig. 6.14. (a) Converter waveforms at+#wmad condition (bPSFB stage waveforms during short

circuit test

6.2 Variable DC Link Based Maxnum Efficiency Tracking in RTRU

It is challenging to ensure efficient operatioha cascade twetagedAC-DC
topology due to notinear, nommonotonic variation of power efficiency
characteristics of the two different converters. Aniver of research works has been
individually carried out on threghase sixswitch PFC $-7, 16] and PSFBDC-DC
converter §1-97] by outlining their individual advantages. A number of research works
[154-16Q is carried out on a twestaged integrated AOC converter for different
applications, aiming at enhancing the net efficiencies using different methods. The
research work in154] proposes a singlphase SEPIC PFC followed la full-bridge

LLC converter, connected to a higbltage electric vehicle (EV) battery for charging
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application. Instead of using conventional fixed DC link (PFC output) control with
variable frequency (at the resonant stage) method, the resear®jirpfoposes a
control approach with variable intermediate DC link voltage, depending on the battery
voltage. The analysis shows an increase in efficiency by 3%, which is only applicable
for a converter system withaviable output voltage i.e. for battery load applications.
Furthermore, an intelligent autaned method of maximum efficiency tracking for a
PFC andDC-DC integrated converter system is proposedlig. The keyapproach

for optimum efficiency is dynamically optimized variation of the intermediate bus
voltage as a function of the estimated load power. The model describing dynamic
variation of intermediate bus voltage is developed by extrapolating several
experimeral efficiency data at different fixed DC bus voltage and different power
levels. However, this is only an empirical method, which is not guaranteed to generate
optimum DC bus voltage reference at variable operating conditions.

Furthermore, a variable swwhing frequency based control is implemented in a
singlestage dual active bridge bas&€-DC converter for light load performance
improvement 156. After estimating the load power, the switching frequency isdun
to ensure zero voltage switching (ZVS) and reduce the grid current distortion problem
at lighter load to improve efficiency. However, a wide variation of switching frequency
may affect the electromagnetic interference (EMI) spectrum, as thesindriEM filter
is typically designed with respect to a fixed switching frequency. In addition, a variable
DC link approach is implemented in thiewel singlestage PFC converter for
achieving high power factoflb7]. Since there is an inherent current distortion issue in

a discontinuous conduction mode (DCM) operated rheNtel PFC converter with a
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lower DC link voltage, adjusting the DC link with respect to the line voltage improves
the input power quality. Howeven DCM, the efficiency drops with higher DC link
voltage, enforcing a tradeff between the efficiency and power factor.

In addition, an odine maximum duty point tracking technique has been proposed
as an algorithm to improve twaiage server power effecy for an integrated PFC
circuit topology followed by a phasshifted full bridge (PSFB) convertet$8159.

An optimized DC bus voltage is dynamically obtained to méze& PSFB duty ratio

i.e. to minimize the primary side circulating loss, which helps in enhancing efficiency
by 2.5% for a 2kW prototype. However, the approach holds true below a certain load
power as the PFC conduction loss dominates at higher load pathea lower DC

link voltage i.e. higher phase shift, which will degrade the overall efficiency.
Furthermore, a control scheme is developed for improving efficiency in high step down
dualactive bridgddC-DC converter 16(. Based on the output load power, the control
angle (governing the duty ratio) and phase shift angle between two legs are derived
from a state feedback control algorithm in order to track maximum efficiency
trajectory.

In addition, a variable swithing frequencypased efficiency maximization
algorithm is proposed for a PSHBC-DC converter over a wide load rang&6[].

Based on the output voltage and load power, an optimized combination of effective
duty cycle and switching frequency is generateahfrthe controller proposed ihg1].
Although this method shows improved efficiency in comparison to the fixed frequency
control, the switching frequency calculation algun is based only on ensuring ZVS,

but neglects the effect of other losses in the system.
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In the research work inlf2, a variable dc link technique is proposed to track the
maximum efficiency point of the LLCanverter for plugin electric vehicle battery
charging applications over a wide battery voltage range. Sinqaadpesed charging
system in 162 consists of a PFC followed by a LLC converter, the intermediate DC
link voltage is varied proportionally to the battery voltage by operating the LLC
converter at its resonant frequency. However, this method only minimizes the LLC
converter loss, but does not consider the PFC loss in total loss minimization. Also,
similar concept is not applicable for the proposed converter system in our work, which
deals with a constant output voltage at the load.

Addressing the aforementioned challenges and concerns in efficiency improvement
of a cascadedC-DC isolated topologypur regarch in L63 proposesa variable
intermediate DC link voltagbased control method. The intermediate DC bus voltage
reference is obtained from the operating conditions (i.e. input AC conditions, load
power, switting frequencies, component specifications) subject to minimizing the
total power loss. From the detailed mathematical loss modeling, it is analytically shown
that the total loss varies in a roronotonic, nodinear fashion with the intermediate
DC bus vidtage at a fixed load power level. Therefore, the proposed method obtains
the optimum DC bus voltage reference (within a certain upper and lower limit) using
numerical solution of losminimization condition and is validated by experimental

results.

6.2.1 Loss Modeling of the Integrate®C-DC Converter

The total power losses in the integrated -stage AGDC conversion stage are

categorized into conduction, switching, core and other losses incurred in PFC and
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PSFB converters separately. Each categorpsd Is mathematically analyzed in the

later subsections.

l. Loss analyses in the PFC stage:

As a first step to determine the conversion efficiencyi, it is important to establish an
accurate loss estimation model for the integrated {phese boost PFC &C-DC
PSFB converter. The losses in the PFC stage can be majorly classified into several
categories, such as (i) conduction & switching losses in the power semiconductor
devices, (ii) conduction loss in the boost inductors and ESR of the DC link capacitor,
ard (iii) deadtime loss in the anfparallel Schottky diodes. All these losses majorly
depend on the intermediate DC link voltage, values of RMS currents through different
phases, switches and the DC link capacitor. Therefore, the fundamental tasks are to
determine the value of RMS current through the DC link capacitor and the MOSFETS.
Determining the roemeansquare (RMS) switch current requires the information of
the modulation index and the phase current RMS value. The typical waveform of a
switch curren (looking like a chopped version of phase current) is shown ir6Hig,
which is nothing but the product of the respective phase current and its switching
function. Attd aantdi men sitnasnttadhpntelo@ts 6 l u¢ yn g iad é O
ti me sdigmewhere t he ON U( dned thd instantabeeus gi v e n
current will bel s i nwherey)denotes the line frequency in rad/851/fs denotes
the switching cycle ands denotes the switching frequenciherefore, the switch

current RMS expression is obtained as follows.

N ER Ve AV 6.66
'rms—\/;fi sin (Wt)a’(t)dt—Jm!:fsm (ut)dt = | e (6.66)
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Fig. 615. Typical PFC switch current waveform

Switch current

where,Vpk and| denote the phaseeutral peak vitage and phase RMS current,
respectively. The next task is to determine the DC link capacitor current RMS value,
which is required to calculate the equivalent series resistance (ESR) loss. The DC link
capacitor current can be expressed as the sum ohtutfegough all three top side
MOSFETS, as presented in E§.6(7), wheredan, dsx anddcn are the duty ratios of the

three highside MOSFETSs for phasdés B, andC, respectively.
IDC :dAHiA+dBHiB +dCHiC (6.67)

whereip, isandicarethecue nt s t hr é&dBdhoa@ida sdee dppe ct i vel y
represents PFC output current i.e. sum of capacitor current and input currem@®@ the
DC stage. For a balanced thyglease AC system, the above relationship can be
restructured as follows:
loc = (dAH ) dBH )iA +(dAH ) dCH )ic (6.68)

The expression for the RMS valueleé can be calculated by taking the square of
expression in Eq6(69), by applyingdin=Vin/Voc, Vin= V s i, an(l subsjituting the

RMS values of phase currents from E&|66).

2\/2
2 _2U°V" (6.69)

| =
DC,RMS 2
8V,
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Therefore, | 5. qus = v 2t (6.70

(VAR
Therefore, the total conduction loss in the PFC stage is given by,

Peondprc = Pswiten T Pra + Pesrprc
16 ,P?R, 2P?r,  7P%r,  (6.7])
=6l rmszRDS,PFC +3l in,RMSZrL +1 DC,RMSZrC = %( VDC\S/'::C) + =Y ; + 12v Cz

pk pk

where, the input phase current RMS is replaceB/BYin rvsandVpk represents peak
to-peak input voltage. The equivalent DC resistances of each boost inductor and DC
capacitor are denoted byandrc, respectively. Defining the modulation index\s

1.5/ Ve, the overall conduction loss expression from B¢.1) can be restructured

as follows.

P? 32M 2r 7r
Peonaprc = \? (ﬁ Rosprc + ?L + 1_(2: (6.72

where,Ros prcdenotes the ostate resistance of PFC MOSFETS. It is also important to
include the losses incurred in the MOSFET body capacitafgs) @rising due to
hard switching. Bice the blocking voltage of each PFC MOSFET is the DC link

voltageVpc, the body capacitance loss can be expressed as follows:

0 W w0 673

Thus, the expression for the PFC stage switching losses is given by,

p—— P o Q 0® — @ w Q (6.74)

CA
=

where fs denotes the switching frequentyrepresents the sum of tuom and turroff

durations of the used device dadenotes the total output power.
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Il. Loss analyses in thBC-DC PSFB stage:

It is important tarevisit the switching waveforms of the converter prior to the loss
analysis.Fig- 6.16 provides the switching waveforms of the PSFB converter and the
detailed modes of operation can be referred to the existing litef@fyrel7, 119].

The losses in the PSHBC-DC stage comprises of the tuaff and conduction
losses in the primary side MOSFETS, conduction losses on the secondary MOSFETSs
and the secondary inductor, core loss and winding loss in thefremgiency
transformer. Therefore,etermining an accurate expression for the RMS currents
through secondary inductor, secondary MOSFETS is fundamentally very important for
loss modeling.

Power delivery

i Free-wheel .
, inierval interval . Right-leg
i transition interval
P .
g1 is Leftileg transition
r[ interval
VDC /\/T—V /
G = >
'VDC \\ )
S7 -
% -
Sio —
S
) /» Magnétizing
Im v cureent
| T Time
05T I

Fig. 6.16. Typical waveforms of primary voltag primary current and the gate pulses in a PSFB

converter.

Secondary side losses:

(1) Conduction loss:
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The typical waveform of the secondary inductor current is shown in6Hig,
which is triangular with twice switching frequency as fundamental componbkat. T
secondary inductor varies with a slope\dfc/n -Vo)/Ls and discharges with a falling
slope ofi Vo/Ls. Therefore, the following equations can be formed, assuxnimgi T,/ 2 °
where(i denotes the phase difference between the switching sign&santl Ss. By
calculating the voltage gain of the converteturns out as followsi = ¢nWo/Vbc)

Voc

a+ n” Vo

L

S

X=ph (675)

The average inductor current can be calculated through the area under the inductor
current curve over half switching cyelavhich is calculated asis>=( U+b) / 2
Therefore, the following relationship can be established from power balance,
considering zero average current though the output capacitor.

(@+b)=2" Ve - Vo (6.76)

Left-leg transitiolgower delivery
interval interval  Free-whed
\ } interval

Right-leg
%vtransition interval
>

[ d k3
. ~—»Slew interval —

Secondary current (is)

b ¥t
//\\\Y»Primary current (ip)

20yt

.

Fig. 6.17. Typical waveforms of primary and secondary currents

The RMS current expression of the secondary inductor current is framed by adding the

squares of two separate piecewise continuous linear segments, as showB.r7E(g. (
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x Vs
ismvs = ﬁa+ t) dt+ ﬁb- t)zdt]
/2 X

6.77)
/ ; DC (1' *)
Y i e = i@ - b2+ b2+ Yoo 0 /—)(2/ D+ L]
p n, p 3n’L?

As can be seen from the above relation, secondary RMS current is a function of the
intermediate DC link voltage, the output load power and the phase shift amount. In
order to calculate the conduction loss in the seconddeyssiitches, it is required to
establish the expression for switch RMS current. During the power transfer interval,
the switch current is same as the inductor current and during the zero interval, the
switch current is half of the inductor current aftesuaming the ONesistances to be
same for both the secondary side devices. Therefore, the RMS of secondary switch

current {sec,rm3 iS given as follows:

1 i T
isecRM82 :?[is,RMSZX-F%(E_ X)] =l pus (4 +E)
(6.78)

Y isecRMS :is,RMS Z"'@)
The above expression implies that the secondary current RMS esnedl high

phase shift angle i.e. more duration of power transfer interval in a switching cycle. In

order to reduce the conduction losses in the switches in thehigint secondary side,

multiple switches are placed in parallel to reduce the effecthstate resistance.

Therefore, the combined conduction losses incurred in the secondary transformer

winding, the output inductor and synchronous rectification (SR) MOSFETs can be

expressed as follows.

0 0 5 0 5 0 i1 Qp Y e (6.79)
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where,i i aepresent the DC resistances of the output inductor and secondary
winding; 'Y ampresents seodary side SR ostate resistanceBased on the
specifications of used Litz wire on the secondary windings of the transformer and
inductor, DC resistances are calcul ated as
calculated skin depth at 100 kHz switafpifrequency is more than the diameter of each

strand (AWG40) of the Litz wire. Therefore, the AC loss arising due to skin effect can

be ignored for both transformer and inductor in this design.

For calculating the ESR loss in the output capacitor, thé& RMrent through output

capacitor needs to be determined. The output capacitor current is the difference

between the output inductor currenj &nd load currentR/\Vo), which is a zeranean

bipolar triangular current with peak values

@ obtained from Eq.§.75) and

Eq. 6.76). This yields to an RMS value ¢ aVo. Therefore, the ESR loss is

expressed as follows.

L (6.80)

where,rcédenotes the ESR of the output capacitor.

(2) Switching loss:

One important point to note is that the secondary SR MOSFETSs achieve ZVS, as their
antiparallel body diodes conduct first and then, by sensing the small positiage

drop across souredrain, the SR gate pulses are generated. However, theftsrof

the SR MOSFETs are haswvitching, which results in a total tugif 0SS Psw,secfor

two switches, expressed as follows.

0 o @ ¢ Qp 0 Q (6.81)
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3) Snubber loss:

The designed PSFB stage does have snubber circuit on the secondary side to suppress
the voltage spike across the MOSFET, caused by secondatyasid®rmer leakage
inductance. The snubber loss can be estimated as the leakage inductor energy loss per
switching cycle. Maximum leakage energy stored caf.Bbsls?, whereLis is the
secondary leakage inductance &gds the peak of the secongazurrent, which i

in the waveform shown in Fig.17. From short circuit and opetircuit tests, the
secondary side leakage is estimated as 100 nH.

0 ™0 | Q (6.82
Primary side losses:

(1) Conduction loss:

The conductiondss in the primary side switches depend on the RMS primary
current, which can be determined from the cumulative sum of squares of piecewise
continuous linesegment equations over a switching cycle. The typical primary current

waveform is shown in Fig.17, which consists of four lingeegments i.e. two for power

transfer i nterval and two for Zero i nterve
primary inductor current are given by 6ab
a+Yoc - Wo . (6.83)

p
From the ideal power balancing condition, the input power from the input DC link
of the PSFB stage is assumed equal to the load power, which leads to the following

condition.

Vie <ijp > P (6.84)
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Where,<i > =[aT+ 23T a*b (6.85)
T 2 2
Substituting 6bé in terms of O6ad, we get
P T / 6.86
= - V. (1- = .
2=y a Med (6.86)
_ P T / 6.8
= V. (1- .
b=t a Me@ ) (6.87)

Therefore, the primary switch current RMS is obtained as follows.

s’ = [ﬁa+ 2 22t bi( - )= gp[%] % (6.89)

In order to calculate the primary side conduction loss in transformer, the inductor
current RMS value is required. It is important to mention that any switch current is
same as inductor current during one power transfer interval and one zero interval. For
the other half of switching cycle, the same switch current remains at zero. Hence, RMS
of ipis& 2imes RMS of any switch current iigrms 2 ipri,rRMS

According to the nature of Eq6.88), PSFB primary current RMS increases
monotonically with output power at a fixed DC link voltage and decreases
monotonically with intermediate DC link voltage a fixed load. The overall primary
side conduction loss in the four switches and primary transformer winding is given as

follows.

+ab- 2b*,  b?
Pcond pri = (4RDS +2r ){ / %] } (689)

where,rt and Rps are the primary winding resistance andsbate resistance of

primary MOSFETS, respectively.
(2) Switching loss:
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PSFB primary side switching loss is the combined -affnlosses in the four
MOSFETS, as all the MOSFETs achieve ZVS above ~30W load power, which is

proved later in this section. The switching loss expressifornsulated as follows.

; 2 _ op2 2
P o = Voc fz[%] + %toff f. (6.90)

where torfdenote the turoff time of the primary MOSFETS.
It is important taestablish the conditions for ZVS in the primary side MOSFETSs of the
PSFB converterTypically it is relatively moe challenging to achieve ZVS in the
lagging leg switches ¢3and So), as the inductive energy is relative less for the right
leg transition in comparison to left leg transitidrid§. As can be seen from Fi§.17,
the inductorcurrent magnitude in right leg transition is less than that inldgft
transition. Therefore, in order to achieve ZVS for the lagging leg switches, the stored
inductive energy must be greater than the stored capacitive energy in the MOSFET

body capacitonwhich is expressed as follows:
-0 0 w (6.92)
The load current can be calculated as the difference between reflected secondary peak

current and half ripple current on the secondary side, which is formulated as follows.

n N0 E @ (692

Where'® -—2 s the peak magnetizing curreiles is the effective duty

cycle andrippie IS the peako-peak ripple current of the output filter. FrohetFig.6.17,
Det=(0.5-G / 2holds. Furthermore, the following expression can be written using Fig.
6.17, whereVr denotes the primary side transformer voltage during thewheling

operation.
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n N —p C VYO —p O V (693

wher e ol i's the decay i #timegntervahavhichcanher r e nt

expressed as follows using the thoh@main equations of primary current, given in

[116.

yc Al1ce (6.94)

6”“‘ is the equivalent characteristic impedancetasdis the set deadtime,
0 Y'Y

where®

which is 500 ns in this design.

Vr is the sum of voltage drops across pienary side conducting devices in the free
wheeling interval an¥r is assumed to be zero for the simplicity of analysis.
Therefore, combining Eq.601)- Eq. 6.94), the ZVS condition is formulated as

follows.

-0 YO 8 (6.95)

which is further simplifJ)edrom EC (20), ah

AT1Ce ———(6.96)

Using the converter specifications listed in Tabl8, the required minimum load

power (i.e. 28V ¥oad) for the fulfilment of ZVS is plotted againgbc in Fig. 6.18.
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Fig. 6.18. Minimum load power for ZVS with varying DC link voltage

Other losses include gating loss in the PFC and PSFB MOSFETS, expl

0 Co , whereQq andVpp are the gate charge of the MOSFET and gate driver supply
voltage, respectively. Utilizing CMF10120D (with 47.1 nC gate charge) as the power
MOSFETSs for PFC and primaiyC-DC side and using gate driveupply voltage of

15V, the net gating losses are calculated as 0.7W at 100kHz switching frequency. This
loss remains unchanged regardless of any variations in intermediate DC link voltage.

Therefore, optimunVpc calculation process is independent of thiengglosses.

(3) Core losses in transformer and output inductor:

Furthermore, one major part of the total losses comes from the core loss due to high
frequency switching in the transformer as well as secondary filter inductor.
Traditionally, the field inénsityH of a magnetic core in a power converter is calculated
using the inductance value at the RMS current level. The magnetic flux demsity
the effective fluxi can be obtained using the empirical relation between relative
permeability i) andH. The magneti c core | oss is a funct
density over a switching cycle, which is a

from two current values i.e. maximum and minimum current levels over a switching
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cycle. An empirical formw of the core loss as a function of the switching frequency

and magnetic flux density can be given as follows.

P..=Kf.B.° (6.97)
where K, U, b are called Steinmetz par amg

manufacturers oram be found by curve fitting. The change in magnetic flux density is

an empirical function of change in magnet:

depends on the current ripple. At any instant, the magnetization intensity (H) is

expressed as H=NI{ . where N, Lt and | denote the number of turns, mean flux length

and current, respectivel y. Therefore, opH

becomes as followspH = NM/LnLe, whereLrn denotes the magnetizing inductance

of the cor e. rgiAdudtooin a dwitcking syele leconhes as follows:

g H = Noc/?Vi Vo)x/LsLe, wherels denotes the secondary filter inductance. Using the

B-H characteristics from the datasheet of 3C94 magnetic material (used for both

transformer and secondary inductor), suen of transformer and inductor core losses

can be structured as the following.

V
N("bc - Vg )X
LSLe

NV X
L.L

m™—e

Pcore = Kfsa [( )b + ( )b] (698)

For 3C94 materiakhe core loss in the transformer and inductor is proportional to the
square of flux density change in a switchingcle and also proportional to the
switching frequency. Therefore, the total magnetic core loss can be formulated as

follows.

\
N(Voe/ - v,
Proe = KL 4 ( o et (6.99

mTe
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6.2.2.Net power losses in the integrated BC stage:

Combining the losses in both the®@&nd PSFB stages, the overall loss expression
stands out as follows, which is a function of intermediate DC link voltage, the switching
frequencies oAC-DC and DC-DC stages and the output load power. It is easier to
analyze the loss dependence opc\ff the loss terms are organized in different

exponents of Wc. Thus, the PFC losses can be formulated as follows.

0 0 — U © U (6.100)
Where,

o @ — — — (6.107)
0 ——7Y j (6.102)
o 0 — (6.103
0 @ Q (6.104)

Different categories of PSFB losses are summed up and thus, the followdng V

dependent loss equation can be formulated.

0 — — — U LW L W

o Y —— — 0 0 h O (6.105)
where, U TY 1 i 0 (6.106)
O TY 1 i — (6.107)
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O TY 1 i (6.108)

o TY i1 —— (6.109
0o 0 —— 0 — (6.110
O 0 8 0 — o® (6.111)
b 0 0 — = — (6.112)
o 0 WY i 1 - (6.113
O MY i i (6114
b ™Y i i — — (6115

Therefore, the total loss in the integrafed-DC stage as a function &bc, can be
expressed as follows, where the coefficieiisto Ki4 are independent d¥pc, as

established in Eq6(102-6.115).

M— 0 0O 0 ® (6.116

In the above expressioazKs; b=Ks; c=(KetK1); d=(Ko+K?7); e=Kg; f=(K3+Ky);
g=Ky; h = 1p datdLtrB.

Therefore, total losses can be minimized with respect to either of the three variable
parameters (DC link voltage and two stagyvitching frequencies) at each load power

level, which is discussed in the Section Ill and Section IV. As can be seen in Eq.
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(6.116), the overall loss expression contains severallimaar terms oVpc, where the
exponents can vary fron3 to +2, includhg fractional exponents. Therefore, to
minimize the total loss with respect to varying DC link voltage is not a straightforward
process, as at each instant the coefficients keep changing due to the variation of
operating conditions. The detailed procedofrefficiency maximization with variable

DC link voltage is explained in Section Ill. Furthermore, since the coefficiants

K12 are function ofDC-DC stage switching frequency, the loss minimization can be

feasibly performed with the variation Ubc, which is analyzed in Section IV.

6.2.3. Variable DC Link & Fixed Switching Frequency Control Methodology

Intermediate DC link voltage can be set as a variable parameter in order to minimize
the total power loss at any load power demand, so that convef§iciency can be
maximized. Prior to introducing the proposed approach, it is to be mentioned that the
variation of the intermediate DC link voltage is limited between a minini) @nd
maximum ¥may limits, which are prefixed by the limitation obbst operation of the
PFC stage and device ratings. The minimum DC link voltage has to be greater than the
input lineline AC peak voltage and lesser than around 70% of the maximum switch
stress rating. Therefor&min and Vimax are set as 600V and 800V spectively. It is
important to note that the variation of total loss with change in DC link voltage at
different load power levels will highly depend on the components & device
specifications of the converter.

The stateof-the art and proposed algorithtesrack the maximum efficiency using the

loss minimization model are presented in the following subsections.
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l. Intelligent numerical approaches and their tradaffs:

The key point to be considered is to finish the real time execution of algorithm to
determne optimum DC link voltage within a sampling cycle, which is 10 ys in this
design. Although different intelligent algorithms may be employed in determining the
optimum \bc, reattime implementation will definitely slow down the execution time
and thus, wil limit the upper bound of the switching frequency. The switching
frequencies of both PFC and PSFB converter stages are fixed at 100 kHz based on the
tradeoffs between magnetics volume and efficiency. Therefore, the program loop
execution of the completeontrol logic has to be finished by 10us; otherwise, there
will be undersampling, potentially resulting in loop instability.

The major complicacy in the mathematical expression determining optimum DC
link voltage is the existence of fractional order teimthe polynomial. Since it is not
straightforward to determine the number of roots of a fractional order polynomial,
research effortsljo4] have concentrated more on the stability of a system with such
characteristic polynomiahot on determining the solutions. One proposed approach in
[164] is to convert the fractional order polynomial into an extended integer order
polynomial by scaling up the exponents and then, different numerical optimization
basel solving algorithms can be applied to it. One of the intelligent algorithms for
solving nonlinear higher order equations is Levenb&tgrquardtOptimization [L65
16, whi ch i s wused by 6fsolved command i n
approach. However, this algorithm involves gradient descent method requiring to
perform inverse of a high rank matrix. Matrix inversion is a highly time expensive

operation, which is noimplementable to be executed réale in a high sampling
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frequency converter system. This method can be implemented offline to find out the
optimum solutions at different loading conditions and may be realized in terms of a
two-dimensional lookup table in DSP program. However, this method will
significantly lose accuracy due to discretization in logktable and also, will suffer
from space / memory complexity in DSP implementation.

Due to the above listed reasons, one appropriate approach is tizériba fractional

order terms in polynomial and then, to apply method of bisection in searching for
solutions, which is relatively simpler and ré@he executable with an acceptable upper

bound of efficiency errors.
Il. Loss minimization model:

First, theintermediate DC link voltage level is to be located where the losses become
minimum i.e.l B/ bd#0. If the optimum DC link voltage remains in betweénn

and Vmax it can be set as a reference to the voltage loop of-fiirase boost PFC.

Therefore,tk | mmedi ate i mportant taskw/ily to det e
Since there are some terms with fiotegral exponents present in the polynomial

expression Eq. (51), the proposed method linearizes those fractional order terms around

the operatingpoint Voc=Vpc*, where \bc* is the sampled DC link voltage. This

met hod is termed as fAanal ytical 0 agpproach.
solution due to the linearization approximation in analytical approach should be
considered during the callation process. Foe x a mp | e, i f 6axoé6 is i

respect to x=xusing Taylor series expansion, the following is obtained.

Jxo g+ %) o (X %) (6.117)

25 2%
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to determine the j/nibhdnwhich |lsadd ta the folloveing o f

Therefore,

Hence, the linearized form of the overall loss

expressed as follows.

b — — — Q Qb
where,

Q Q — v

Q Q - 0 = -
Q Q

After linearizing the fractional order terms in power loss egpion, it is required

equation.

P, _ - 3a 2b c'

- - +e+2f'V,. =0
MVoe Vo' Voe®  Vpe© °e

DC

Which implies the following polynomial of p&:

[

&) CMX) ) o) QW 0w

201

expressolg. ©6.116) can be

Tt

(6118

(6.119

(6.120)

(6.121)

(6.122)

(6.123

(6.124)

(6.125

u P



Il The proposed analytical approach to determine optimum solution:

The flowchart for determining the optimunbd/solution in analytical approach is
presented in Fig6.19. It becomes mathematically intensive to deieerhow many
valid DC link voltage level exists between the allowable range of DC link voltage. If
U B/ Upd=0 holds at multiple Wc levels, the c where Ry is minimum is chosen.
Letds assume there exim*VainsatishnginBy mdye®Or of s ol
and O6nd numberpc>Unfa SDa tuit@ fasOnThid implies that
there would be (am) number of ¢ solutions in the range of fvh, Vmay, satisfying
U B/ Upd=0. In order to find out the number of roots abougnVa newvariable
6 g OGoeWhin is introduced and M in Eq. 6.125) is replaced by g+Wh to obtain the
modified relationship, Eq.6(1 2 6 ) . Similarly, acriVekiBer vari
introduced and Wc in Eq. 6.125) is replaced by r+¥x to obtain the modified
relationship, in Eq.61 2 7 ) . I n the modified set of rel:z:

number of positive roots of 6g6 and 6r 6, r
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Expresstotal power 10ss Py in
termsof Vpc
WP _ Set limit:
UVDC - Vm|n<VDC<Vmax

Linearizethefractional order
termsin_UPiot
UVpc
]
Reformulate or restructure

uP;
L'JV(DOé =Y (Vpc)=0

Calculate no. of roots Calculate no. of roots
(M) Voc>Voe min () Voc>Voe max

[Calculate number of roots: (n-m)|

| To check if (n-m)=0 |
NO

Start with two initial values V.4,
Vi; such that y (Vi.g)y (Vi)<0

No solution existsin
[Vminv Vmax] range

Method of bisection: i [Tochekif

ViV,
Vin=—5 L0
] YES
o , NO
% To check if y (Vis)y (Vi)<O | oy Vvt
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y ViV VeV, L ocally optimum solutions
i+2— 2 i+2 2

NO  |Tocheck if y (Viwoy (Vis)<Oand
[Vio-Visg|<2V
ES
[Optimum Ve = Vi

Fig. 6.19. Flowchart of determining optimump¥¢ by the proposed analytical method
asq°+a,q’ +a,q’ +a,q+a, =0 (6.126)
br®+b,r*+br>+br+b,=0 (6.127)
Where,oscdddn be mathematically cal gul ated
an dt dcdm be mathematically calculated in terms of &, B,,  emé Nunibér, V
of solutions of \bc>Vmini.e. g>0, can be determined from the number of sign changes

on the coefficients in the first column of Rotiurwitz array. The array coefficients

for the descending order ob¥ exponents are as follows:
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- a.a
coeff = a.;coeff, =a,;coeff, = —2"2; (6.128
5 4 P

4

2
a,a, +a,(as.a,- a,a,)

coeff, =-
aSaZ

(6.129

It is important to note that all of these coefficients fundamentally depend on the
operating conditions of the converter i.e. load power level, output voltage and input AC
voltage levels. Under any variation of these parameters, the values of the coefficients
may change, which may also alter the number of sign changes among these coefficients
i.e. number of ¥c solutions lessthand,. Fur t her more, add eby repl :
0ib s, t RHurwii coeffickents of Eq.§.127) could be obtained and the number
of sign changes among this set of coefficients will determine the numbepcof V
solutions greater thanm\M¥xi.e. r>0. In addition, several conclusions can be dralwout
the solutions of Eq6(126) and Eq. §.127).

- The number of sign changes in the RH coefficients cannot be more than 3, which
implies that the maximum number of roots satisfyingX min Or Voc>Vmaxis 3.

- Therefore, the maximum number of rootsntyibetween [Win, Vmad Satisfying
U B/ Upd=O0 isthree

- If the number of roots between W, Vmay IS evehw i aadn)Wl Vy (V
be of same sign. Alternatively, if number of roots betweenn[Wmaq is 0dd i.e. 1

or 3may Y & Vdin) will(b&of opposite gins.

In order to find the solutions (if exists) in M, Vmay, bisection method is applied.
I f  m)( Va n din) aye(oMopposite signs,n¥ and Vinax are assigned as the initial

iterations. Otherwise, a step of 10V is kept on reducing fregil eachteration until
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any sign change is observed. After that, the new obtainedp¥int and \hax are
assigned as two initial values to start with the algorithm.
At each step the method divides the interval in two by computing the
midpointVis1= (Vi-1+Vi)/2 of the interval and the value of the functipn {1)Mat that
point. UnlessVi+1 is itself a root (which is very unlikely, but possible) there are now
only two possibilities: eithey (iY) andy ( i) have opposite signs and bracket a root,
ory (i) andy ( iMhave opposite signs and bracket a rdbe method selects the
subinterval that is guaranteed to be a bracket as the new interval to be used in the next
step. In this way an interval that contains a zerp ¢fo¥) is reduced in width by 50%
at each step. The process is continued until thevaidtés sufficiently small (selected
as 2V in our method).
The method is guaranteed to converge to a rogt 0f¥), if y is acontinuous
functionon the interval [Whin, Vmad andy Vi-1) andy ¥i) have opposite signs. The
number of iterations needet, t o achi eve a given error (or
n=log{(VmaxVmin) / U} . Under a selection of 2V toler
of iteration to find a saition is log (800-600) ~ 8.
Consequently, the values of the power losses at allgbsdutions in [Vin, Vimax
are computed using Eg. (60) and th&-\¢orresponding to the minimum power loss is

set as a reference voltage level for the PFC DC linlageltontroller.
V. Special cases:

As a special case, if at any instant, no solutionspaféxists between [Min, Vimay and
U B/ Upd%0, the DC link voltage reference of the PFC stage is setc@tVmax This

i s b e o UpsKO impli€s that increasintpe Voc level will help reduce the total
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power losses. On the other hand, under the case obeisdlution in [Vimin, Vimay, if
U B/ Upd>0 holds, PFC DC link voltage reference is set as,\as lowering the DC
voltage level will reduce the power losSpecial cases arise when the PFC DC link
voltage is held at eitherméxor Vmin.
Casel: If at any instant ¥c=Vmax & /P Upd<0 & no solution exists in the
interval [Vimin, Vmay, the PFC DC link reference is maintained to be heldmak V
Case2: Simiarly, if at any instant Yc=Vmin & /P Up&>0 & no solution exists
in the interval [\hin, Vmay, the PFC DC link reference is maintained to be held.at V
Case3: If at any instant ¥c=Vmax &  &¢/PUp&0 & no solution exists in the
interval [Vimin, Vmay, the PFC DC link reference is maintained to be held.at V
Case4: If at any instant ¥c=Vmin & &/PUpd<0 & no solution exists in the
interval [Vimin, Vmay, the PFC DC link reference is maintained to be heldmak V
If Vpc is held at \hin Oor Vimax, and solution(s) belonging to j¥, Vmad exist for
U B/ Upd~=0, the solutions corresponding to the minimum power loss is set as a

reference level for the PFC DC link voltage for the next sampling cycle.
V. Normalized loss variation versus intermedidd€ link voltage:

Table 6.2 shows the optimum DC link voltages at different load power levels at
230V phaseneutral RMS AC voltage. Thepé solutions in both the analytical methods
(by linearizing the fractional order terms) and numerical approaches fitbriginal
equations) are tabulated below, which shows an error within +2%. Therefore, the
analytical method of solvingpé is digitally implemented due to its less computational

complexity and faster execution. The loss of accuracy in optimggpvedicton
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would lead to a change in efficiency less than 0.3%, which is sacrificed as-affrade

to the faster execution.

Table 6.2. Optimum Vb levels with varying load power levels

Load power Vpc(analytical) Vpc (numerical) % change in
(kW) efficiency

0.2 600V 600V 0

2 600V 600V 0

4 630V 612V 0.24

6 672V 665V 0.19

8 682V 673V 0.21

10 705V 689V 0.12

The variation of total power loss with change in intermediate DC bus voWage (
is plotted in MATLAB fa different load power levels, as shown in B®1. As can
be seen, there is an increasing pattern of optimwmwith increasing load power.
However, this does not imply that theod/can be fixed to its optimum value for
maximum load, as the optimunb¥/for other load powers are different, as can be seen
from Fig.6.20. The optimum \4c corresponds to the voltage level where the minimum

valley of the normalized loss exists.
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Fig. 6.20. Total power los variation with intermediate DC voltage levels a different load power
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It is noted that the M level (within he allowed range) at which the power loss is
minimum keeps a good agreement with the analytically determined optimum solutions.
It is worth mentbning that the variation of total power loss with change in intermediate
DC bus voltage for 200W and 2kW loads show a different trend compared to other
loads. This is because of the following reasons:

() at a relatively lighter load, the switching loss tygig dominates conduction loss,

as the input current and other branch currents are relatively small. Again, with a lower
DC link voltage at lighter load, the switching loss will be less and hence, efficiency
will be relatively better in comparison to a hey Vbc.

(i) The conduction loss starts to dominate switching loss at higher range of load power,
as the conduction loss varies with input current in quadratic fashion. At heavier load,
efficiency would be more in case of a higher DC link voltage, as thisregtlt in
reduced conduction loss.

Therefore, in case of two leend power levels i.e. 200W and 2 kW, normalized
loss is less at 600V DC link voltage in comparison to 800V. However, in case of other
higher power levels, conduction loss dominates at 6008 mparison to 800V DC
link and hence, the normalized loss (shown in &&l) is more in case of 600V, which
follows the opposite trend compared to the lighter loads.

It is important to mention that the optimunmads a function of the load power. As
can be seen in the expression of total power loss in Eq. (51), the coeffgibntand
d are dependent variables of load power. Therefore, the load power must be estimated
in each sampling / execution loop and will be accordingly updated in the pdopose

algorithm of determining optimum pé. The load power estimation method is
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discussed in Section IV. Thus, the proposed algorithm works well even if the load

power shuttles from its rated value i.e. 6kW to peak power i.e. 10kW.
VI. Response to any fault condbins:

It is important to mention that efficiency maximization algorithm is involved during
the steady state operation of RTRU. In the program loop, a supervisory control is
involved to monitor the values of all the sensed variables (fitrase voltageshase
currents, DC link voltage, output voltage, and load current) at each sampling instant
and to check if they are in the allowable range for normal operation. Once any faults
(shortcircuit at the output, input phase failures, power interrupt, overdurren
overvoltage) happen, it is the primary aim of the supervisory controller to detect the
fault and thereby, clear all the MOSFET PWM signals to cut the power flow and hence,
shut down the RTRU safely. During the fault duration, the intermediate DC litdgeo
falls down to O by first order RC discharg
design) across the PFC DC link capacitor. After the faults get cleared or RTRU resumes
its safe steady operation, variable DC link based efficiency maximizatioritatg is

brought back into the control loop

6.2.4. @ntrol Algorithm Implementation

The major control objectives are to (i) maintain the final output voltage at a stable
regulated value (ii) keep the input power factor above 0.995 and total harmonic
distortion (THD) of the input current below 5%4]. In the proposed control loop,
shown in Fig.6.21, for the integratedC-DC converter, the sum of the outputs from

the voltage controllers (PFC DC link and final DC voltage) imply active power
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reference. This is multiplied with three individual phase voltages to obtain the phase
current references. Also, in variable DC link voltage control method, the intermediate
DC link reference is calculated from the optimumsc\generation Igic. Under any

variation of the intermediate DC link voltage due to any load change, the PSFB voltage
controller manipulates the phase angle shift to maintain the final output voltage at a

constant level.

V Component
© l szcs I ntegrated three-phase PFC and PSFB converter
: G —
fi—" DClink — “ep R
P—| reference —>VDC ref G I ]
2 — | generation f_ G L é; +HVod +
f (g “*’jﬁg £ 5 ':EJ
Pulse -‘)“nSZ S“:IB
generation G| FPhasAC _Common-mode
Vo reit logic J{>v—13 Supply " duty generation
T
VE— Refelr;’léce phasecurrent‘,,v""’ G Gz GE Ge GB G4
s~ gGeneration . Saturation
Vb ref+, dow, T | J00kHz
=] B
D |
S —
Vv o Vv
Bn d An
+ A >
GG Ve Vacgeoe SZEICTE]
T».—»‘ CM
AC 1 Oc eneration logic
VAC VDC g 2.

Fig. 6.21. Variable DC link control method of an integrated tstaged AGDC converter.

The proposed variable DC link voltage control is implemented in digital signal
processor (DSP) TMS320F28335. The control algorithm includes two voltage mode Pl
controllers in discrete domain and three simultaneous current controllers. There
prevails certain logic complexity in determining the optimal V solution (if exists) in
the range [Win, Vmay. Using the inherent processor configuration, conventional
averagecturrent mode control with fixed pé takes 4us for computing the program

execution loop, where discrete domain implementation of three current loop PI

210



controllers consumes 60% of total execution time. On the other hand, variable DC link
control logic execuon takes 10 ps, where the computation of optimat ¥olution
consumes 70% of total execution time. Therefore, there should be a minimum time
interval of 10 ps between two consecutive sets of samples of DC link voltage, assuming
100% CPU utilization in asinglecore DSP. As a result, the effective switching
frequency should be kept below the maximum sampling frequency, which is 100 kHz
in this implementation technique.
Furthermore, since the optimunbylevel is a function of the input AC conditions

as wdl as load power level, it is a necessary requirement to estimate the output load at
each sampling instant. For a balanced three phase system with open neutral point i.e.
VantVentVen=0 andiatig+i c=0; the following relationship can be formulated.
W YQw cw N (6.130

As the sum of voltage loop PI outpud$) corresponds to a proportional quantity to
the active power of the convert&d], it could be asumed to be proportional®c/R,
which is directly proportional td/R for a constant output voltage assumption. From

the control loop we have the followings.

MNE o & (6.131)
MNE o € (6.132
where,w € andw ¢ denotethephaseeut r al v ol Aba gaBisd féor ph

respectnotdél ysaatpl 6 ng cycl e. Pl ugdgildl-g t he p
6.132) into the power balancing relation E§.130), the estimatetdl o ad r eRssd st anc e

can be determdned in terms of o)

Y (6133
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6.2.5. Xperimental Results

A set of experiments is conducted to (i) verify theseld loop stability of the
integrated system (ii) check the efficiency variation with load power level with two
different methods i.e. fixed DC link & fixed switching frequency, variable DC link &
fixed switching frequency control. Therefore, a 6kW haraéwaototype of integrated
two-stagedAC-DC converter is developed using the specifications of an auxiliary
power unit in moreelectricaircraft (MEA) applications.

A list of key parameters of converter specification is provided in TaBléAs can
be sea from the 6kW steady state PFC waveforms in Big2, the power factor is
maintained at unity and the intermediate DC link voltage is settled at 650V in the fixed
DC link voltage control method. Both the PFC @1d-DC stages are switched at 100
kHz. Assuggested by Fig.23, the PSFB output voltage is we#gulated at 28V,
with an average output current of ~214A. The input current waveform of the PFC stage

(shown in Fig6.23) exhibits a power factor of 0.996 and THD of 4.3%.

Table 6.3. Key design parameters and their specifications

Parameters Values Quantity
Input AC voltage Vin) 230V, 400Hz, 3phase

Output voltage referenc®{) 28V

Output power Roy) 6kw

Boost inductance 0.4mH 3
Intermediate DC capacitance 0.1mF 1

PFC MOSFETs CMF10120D (SiC, 1.2kV) 6
Transformer turns rationf 12:1:1

Primary leakage inductanck,§) of DC-DC stage | 8 pH 1
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Magnetizing inductancd_f) 800 pH

Secondary inductor.§) 7.5 puH 1
DC link capacitor Coc) 3 mF 1
Primary MOSETs SiC (1.2kV/24A) 4
Secondary MOSFETs FDHO55N15A(145A, 160V) | 6
Switching frequencyf{ 100 kHz -

Wewew g
! I ntermediate bC bus
Phase cAoyoltage (Van) Phase 6A6current (i) voltage (Voc)

| Phase ®dcurrent (ig)

@ ooy a L "

® 0a @ E]

[ Value Mean Min Max 5td Dev | 1.00ms [1.00MS/s ] [ 2 5 46V |
[ TuE 9.590  9.59 9,350 9,59 0,00 L 10k points || J
2

@ FMs 27V 227 227 17 0.00 3 Aug 2016
& RS 9514 951 9.51 9.51 0,00 |||:37?<5

Fig. 6.22. 6kW PFC stage waveforms (at 230V 400Hz AC input)

In order to illustrate the effecewess of the variable DC link method, a stBpnge in

load from 6kW to 4kW is performed and as shown in the experimental result in Fig.
6.24, the DC link voltage settles down near the numerically calculated optimum level
(~612V) after the transient. Th&PB output voltage settles to 28V at the steady state.
The calculated input current THD before and after the transient are 4.3% and 4.8%,
respectively. Furthermore, to maintain the same output voltage with a different DC link
voltage, the phasghift angleis manipulated by the PSFB controller, as can be
understood from the output voltage dynamics. The measured efficiency of the

integrated stage is 97.2%. It is noteworthy that the experimentally obtained DC link
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voltages of 665V and 673V at 6kW and 8kW powevels, respectively match well

with the theoretically predicted optimum voltage levels (672V and 682V, respectively),

shown in Tablé.2.

Tekpreve Secondaryinductor
28v DC 1
Transformer primary output DC
e / voltage (Ver)  ~650V DClink  voltage (Vo)
) 1
yo— P N . e P VPSP

primarycurrent(ip’)" i T

“_..-——--"'“un-.-i]l i | _,....-.v-""-'m—-«(
[ i / |
{ W 1 \

4 M ~ i
W, i e
L~ et ™ et

& _10.004 2 @ 100V @ 0004 ) 1
( Value  Mean Max Sid Dev | [200 s wMS/s (@ 7 000
@ RMS 4324 432 432 0.00 L L10k points | | J
2

@ RS WAV 281 281 281 0.00 |29 Jun 2016
L@ rms 000 ) 13:37:18

Min
432

Fig. 6.23. 6kW PSFB stage waveforms
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o
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Value  Mean  Min Max Std Dev |- -
@ RS 281V 28.1 281 281 0.00 1.00ms 1.00MS/s I ® s 7.10A
2 10k points |

@ RS 630V 630 630 630

@ frequency 14.20kH2_Low signal amplitude

Fig. 6.24. A load transient from 6kW to 4kW in the integrated RTRU, demonstrating the change in

intermediate DC link voltage from 665V to 612V

Furthermore, a set of values of the conversion efficiencies is obtained from
experimenting the integrate®iC-DC converter at different load power levels using
both fixed & variable DC link control methods and is shown in €2p. The variable

DC link control exhibits a steady state efficiency of 97% at the rated load with a light
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load efficiency of 93.5%, wdreas the rated and light load efficiencies are 95.1% and

91.8%, respectively in fixed DC link control.

Variable DC link control
PSR Et Fixed DC link control

100

98

97 ——¢

Efficiency (%)

96 2 104 - hatt neald-effiet n
Z /0 DEEpPeaK-€rrCiency

95

93—
92 |

1 2 3 4 5 6 7 8 9 10

Load power ikW)

Fig. 625. Efficiency comparison between fixed DC link and variable DC link control

6.3 Summary

In this chapter a new control methodology, incorporating redustte observer
based statéeedback control for aascadedhreephase PFC and PSFBC-DC
converter is proposed and implemented. Its main objective is to ensure stability and
achieve unitypower factor at wide range of power levels upto 8kW. The reduced state
observer design reduces the total sensor counts by three, as opposed to the seven
required measurements in the conventional control with Pl compensator. As-a proof
of-concept verificatin, a 6kW laboratory prototype is designed and tested with 230V,
threephase, 400Hz AC to 28V DC conversion specification at 6kW for the application
of auxiliary power supply in a mom@ectricaircraft. According to the experimental
results, a maximum cewrrsion efficiency of 95.4%, THD of 4.1%, a PF of 0.998 and

an output voltage ripple below 1% are achieved at the steady state. In addition, during
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33% overload condition, the converter demonstrates fast dynamics with only 100us
settling time and maintaimg unity PF. Furthermore, the experimental results exhibit
an improvement in power factor from 0.966 (Pl control) to 0.998 in-ftattback
control.

Also, in thischapter a variable DC link voltage control method is introduced and
analyzedin order tomaximize the conversion efficiency of an integrated-staged
AC-DC converterAccording to the experimental results, the steady state efficiency of
the integrated stage becomes296 with the conventional fixed DC link control,
whereas it is improved t87.2% by the implementation of variable DC link control
method. Furthermore, during 50% sigp in load power, the converter exhibits a
change in DC link voltage from 650V to 680V for loss minimization, which closely

matches with the theoretical calculatio
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Chapter 7: |l nter medi ate DC Li

RTRU

Avionic vehicular systems should be strictly of less weight and high level of
compactness. Conventionally, in order to smoothen the DC link voltage, bulky
electrolytic capacitors or even bigk film capacitors (for improved reliability) have
been utilized in the threghase rectifiers or any cascaded power unit or invbesed
systems (e.g. aerospace, traction drive applications). In the case of gobiaggeAC
system, the DC link capaaitce value mainly depends on the amount of second
harmonic reactive power, delivered by the source. This is because the input power
isPin= VIsin’d = 0. 5 lo s,Zwhich has an alternating amplitude COBVI
Therefore, there will be a high spectrum peak at the twice harmonic of source frequency
in the Fast Fourier transform (FFT) of DC link current / voltage, which will require a
bulky DC capacitoto limit the voltage ripple. On the other hand, in case of a-three
phase system, the amount of second or lower order harmonics transferred to the load is
almost zero under unity PFC operation. However, volume and weight of the
intermediate DC link capaoirs due to attenuating switching frequency ripple become
a serious concern for the powansitycritical applications167). Furthermore, since
the capacitor is one of the most vulnerable components in a poweit,cit is
undoubtedly desirable to reduce the DC link capacitance value for enhancing the
reliability and improving the overall power density of the converter.

Various research workd 8179 has been carried out on the DC link capacitor

reduction in a threphase rectifier / invertdsased system. A common approach is to
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inject harmonic currents to nullify the alternating portion of the input powel.6g,[

the researchers have proposed a method of injecting an additional term to the duty ratio
expression, which in turn injects third order harmonic current and reduces the DC link
stress. However, this method degrades the ipputer quality by increasing THD.
Since the DC link capacitor current of a thpease PFC consists of switching
frequency and its multiple orders, whereas the sipglse PFC DC link capacitor
contains a significant amount of twice grid frequency compiohethis regard, several
methods 169-171] are proposed in order to achieve a DC link ripple current reduction.
The work in [L69 proposes a DC link ripple reduction method for paralleled three
phase voltage source converters (VSC) with interleaving. With a proper optimization
of interleaving phase angle between switching states of the two parallel VSCs, the
current ripple RMS carbe minimized to 35%. Furthermore, a control method is
proposed in17Q to reduce the DC link capacitor ripple current in a bmekack three

phase converter. The objective of this method is to creaté [di&kse dference
between the switching frequency components of output current of rectifier and input
current of inverter stage, which is achieved by a phasgulated PWM method,
introduced in £70. However, this metho@ applicable only in multiple thregghase

units connected in series or parallel combination. A method describing switching
frequency component reduction of DC link capacitor in a sippkse ACGDC two-

stage topology is introduced ihq1. The study shows that implementation of different
PWM methods (triangular, sawtooth, revessavtooth) inAC-DC andDC-DC stages

have effects on the capacitor ripple current amount, which is reduced upto 38% by

using the proposeapproach in171].
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Furthermore, the method discussedlirid proposes including a filter in the output
voltage sensing path and compensating the second and other foeeharmonics.
Although the output capacitor ripple amount can be minimized in this method, the input
currents get distorted and displacement power factor deviates from unity. In addition,
researcherslf2-174 proposed an active method for reducing DC link current ripple
by introducing an additional switching leg with one pair of switches, connectedto a LC
combination. The reactive energy is partially circulated in tRisémbination instead
of its full transfer to the output DC capacitor. Although the DC link capacitor is
reduced, the implementation would be expensive and less reliable due to introducing
active semiconductdsased solution. In addition, a method of earmodulation with
duty shaping algorithm is proposed ih7f], which achieves a DC link current
reduction of 50%. However, the algorithm is particularly structured for a cascaded
system of boost converter and ty@hase inverter, typically used for giiéd PV
applications. Moreover, another method for reduction of DC link capacitor stress for a
double thregohase drive unit through phaskiftedcontrol and phase displacement is
proposed in 175 that reduces the DC link capacitor by upto 30%. However, the
switching logic compromises with the overall power quality of the input currents.

Furthermore, it is analyzed and shownii§ that PAM/PWM mode of operation
in a threephase induction motor drive application can lead to a significant reduction in
capacitor ESR loss by reducing the Ibds capacitor ripple current, leading
increased capacitor lifetime or decreased capaditer $he method is based on-on
line adjustment of the DC link voltage as a function of the variable speed of the motor

drive. However, the same technique cannot be applied to a battery connected traction
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inverter system, whose DC link is regulated by thtdpy. In addition, a few research
works [L78179 is doneon estimating the DC link ripple current stress for parallel
threephase inverters; however, none of these dses about the ripple current
reduction techniques.

Majority of research work in the literature has been focused on minimizing DC link
capacitance in single phas€-DC converters. There is not much research effort on
the DC link capacitance reduction imreephase active rectifier/invertérased
systems. Perhaps, this is due to the fact that there should inherently be no lower order
grid frequency harmonic components in DC link current/voltage. However, as shown
in our research in1B(J theswitching frequency harmonic amplitude of the DC link
current could be as high as "1/8f the root mean square (RMS) value of the phase
current. It is shown that the intermediate DC link current stress is not minimum in a
conventional duty gneration logic using average current control, and it can be further
optimized by modifying the duty generation logic. Therefore, the DC link capacitor can
be further reduced by minimizing the switching fundamental component of the
intermediate DC link riple current without any extra hardware, which is the major
focus of this work. The switching fundamental components of both these currents are
calculated using generalized state space averaging (GSSA) technique and first
harmonic approximation modeling tife DC-DC stage.

The proposed method derives a combination of three phase duty ratios for the PFC
converter stage in order to reduce the fundamental switching harmonic component of
the intermediate DC link capacitor current, without affecting the inparepéactor of

any phases. In the proposed method, detailed analyses on plant characteristics of both
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PFC andDC-DC stages are performed for synthesizing the controller parameters and
also, minimizing the intermediate DC link voltage ripple at a wide rahggerating
conditions. The analyses in théhapterregarding the harmonic reduction of the
intermediate DC link current are based on the assumption oAGDC andDC-DC

stages operating at same switching frequency.

7.1 DC Link Current Stress at Convegional Control

A simplified circuit of the cascaded thrpbase boost PFC and PSEER-DC
converter with a center tapped configuration is shown inFilg The detailed modes
of operation of siswitch PFC and PSFB converters can be referred to the well

established literatures 4, 181)-

L+

3-phase AC
supply

Fig. 71. Structure of the integrated thrphase boost PFC and PSFB converter.

It is interesting to determinthe maximum DC link ripple in the PFC output
capacitor, if no ripple compensation technique is adopted in a conventional control,
shown in Fig.7.2 Therefore, our aim is to determine amplitudes of different frequency
components in the current throu@bc i.e. icap=i o-ipc, as the current stress throu@bc

will directly affect the voltage stress across it. The AC ripple current flowing through
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the secondary side of tiC-DC stage is a combination of the reflected amount of the
ripple current flowing throug Cpc and the AC ripple current arising due to the

switching action in the PSFB stage.

I ntegrated threephase PFC and PSFB converter
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Fig. 72. The control block diagram without DC link current minimization logic

The intermediate DC link capaar ripple current will largely depend on the first
switching harmonic amplitude in the sum of the top three switch currents. The
switching average of the output current is expressed as follows.

o] =dAiA-I-dBiB +dCiC (7-1)
where,da, ds, anddc represent the duty ratios of the higide switches in phage B,
andC, respectively. From the modeling of the thpFase PFC, it is known that each
of the duty ratios is a sum of PI controller output and the common modeadiaty
term. Usinghe duty ratio expressions fahreephass A, B, Cderived in Section 2.2.1
, the net PFC output current is derived in E§2)(, assuminga=1 s i ngE¥ 6 )-n ( ¥t
2 i) sin(yt+2"/3)
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Q 0'0O0OE] o OEN o6 — OEN o0 — 010 0ORfio
Ol o — OEio — — (72
w h e Maédenot@s the modulanh index of the generated phase duty ratios. Therefore,
the output current of PFC stage does not contain any-tyriddrequency or loworder
harmonic unlike single phase PFC. However, due to charging and discharging of the
PFC output capacitor, the outpcurrent contains switching frequency components.
Since the minimum frequency component is the switching frequency (100 kHz in our
case), it is important to determine the fundamental amplitudeioforder to quantify
the intermediate DC link voltaggple. The PFC bridge output current is the sum of
three topphase leg switch currents and hence, formulated in7&3). (
Q OYQ YQ YQ Y YTQ Y Y'Q (7.3

where,Sy, S8 and S are the switching functions of the ttg switches of phask
BandC, respectively. They take the value 616
are ON and OFF, respectively. In order to determine the switching frequency ripple on
the DC link \oltage, it is required to individually determine the first harmonic
amplitude of both the PFC output current and input current td®eC stage.
Therefore, applying the convolution relationship of the generalized state space
averaging (GSSA) on Eq7.3), the F' harmonic component of the bridge output
current can be formulated in EqJ.4), where <xxr epresents anplitude
harmonic component of a signal x(t).

Q Y'Y Q Y'Y Q YOY

Q Y OY Q (7.9
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The first harmonic of phase currents can be assumed zerd ake=<i g>1=0, as the
line currents can be assumed constant over a switching period. To siEpIHy137)
further, it is required to determiné' and &' order Fourier coefficients of switching
functions. For examplesSa>1 and<Sa>o are the ¥ and @' Fourier coefficients of

phase O0A06 switching functHandhEq@fd are cal cu

<Sy>= [Paexp(indt (7.9

<>
Therefore, the stharmonic of PFC output current essentially depends only on the

switching harmonics, present in the PWM duty ratios. The switching funStiath

an instantaneous duty ratia can be gaphically represented by comparing a constant

value with a triangular carrier signal and thus, demonstrated iry Bigrhereby, the

0" and P! Fourier coefficients are calculated as follows, assurmirg¥ t

p-dpp prdap 2p -1
<S,>= fpdg+ {2 exp(ig)dg+ fpdg=""sin{d.p) (7.6
0 p-dap p+dap p

Similarly, the switching fundamentals of the switching functionB ahdC phase
i.e.Ss & S are represented BySg>1=-sin(ds” ) And<Sc>:=-sin(d:" ) /which are
real and hence, same as their conjugates. From the law of generalized state space
averaging, it iknown that the negative order Fourier coefficients are conjugates of the
same positive order Fourier coefficients, which leads8>1=<Si>.1, wherek is A,
B or C. In addition, it is a known fact that the averages of the switching functions are
the coresponding phase duty ratios of the top switches<iSa>o=da, <Sg>0=ds,
<Sc>o=dc.

Substituting the fundamental of switching functions from Ef){Eq. (7.6), Eq.

(7.4) can be restructured as follows.
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<i >1:%(Sin(dc,0) - sin(d,p)) +i;B(Sin(dc/9)- sindgp)) (7.7)

The next task isot determine th&ipc>1 in Eq. (7.8), which is the ratio between first
harmonic component of intermediate DC voltage and fldAved input impedance of
DC-DC stage. Thussipc>1can be obtained using first harmonic approximation (FHA)
analysis of th&C-DC stage, as follows.

. <V, >
<ipe >1=% (7.8

where,Zin is theinput impedance of the PSFB EIQC stage, formulateith Section
3.2.3 Now, the task is to determine the switching fundamental component of the DC

link voltage. In a thregphase PFC connected to a DC link capacitor, the following

relationship can be established using the loop formed by pAagsmnd the DC link.
Ve = Ve Ve Vs, (7.9

where,VsiandVsasare the voltages across the switcheartel S andcan be written
in terms of their corresponding phase switching functides= -(1-S»)Voc andVss =
SVpe. From KVL, Vais=Vai1-Vei=(Van-Via)-(Ver-Vie) holds, whereVia and Vis
represent the inductor voltagesthophasphase 0;
voltages and inductor voltages are varying with line frequency, the first switching
harmonic of \1s1is considered to be zero in the analybeswy, taking the first Fourier

coefficients of the relationship in Ed..9), the followings are obtaed.

W P Yw W Y YO W
(7.10
This implies
Y Y 0 Y OY ) m (7.12)
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Using the previously established switching function fundamentals, the final

expression of ¥pc>1 is obtained as the following.

_ Ve : :
<Vpe >1_—p(dA+dB)[SmdA’0 +sindgp] (7.1

Putting <Vpc>1 back into Eq. 7.8) and using the expression 8f, the switching

fundamental ofpc can be calculated, as shown below.

Voc [sind o +sind,p]

et p> , SRGLg +sL, +nR '
4(1+cos/ )? sC,.R+1

The intermediate DC link capacitor current is the difference between the PFC
bridge output currerdnd the input current to the DRQC stage i.eicap= io-ipc. Hence,
the first harnonic component would beigp>1=<i 0>1-<ipc>1, Which is expressed as

follows.

OEQ“ (7.19

As can be seen from the above expressions iINfEIR{Eq. (7.14), both the current
and voltage ripples on the intermediate capacitor areradf duty ratios of two
phases. This implies that the third phase can be independently controlled for
maintaining the PFC action only. Using the above expressiods®f and<ipc>1,
<icap>1 are plotted in MATLAB as a function dh andig (following 120° phase

difference) at a range of duty ratios from 0 to 1 with the convepteeifications listed
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in Table6.3. The values of the first harmonics flowing throu@t at a wide range of

load power are extracted from MATLAB results and presented ir7Hg.

Carrifr wave @f=1/T,

dy
dB
dc
d 41T
iy 21T
Sy
— SC

Fig. 73. Switching function generation
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Fig. 74. DC link current vs output power level

Also, <icap>1 takes the maximum value whele4 1, k=da4 0, which can be
proved by solvingidy Wd cii Bd ki & d0. The maximum value taken by
icap IS given by: maficag=max(|(iatis) / = | ) & mahich is approximately 30%
of phase current amplitude. It is important to note that the harmonic current through
capacitor will be less than 30% of phas@&rent amplitude at different operating
conditions of duty ratios. Therefore, a better estimate to quantify the capacitor ripple
current would be its RMS value over a switching cycle, which can be determined from

the timedomain plot of Eq. {.14). From Hg. 7.5 the RMS value of switching
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harmonic of capacitor current ripple is determined as 2.1A, which is 21.7% of the phase

current amplitude.

cap

Switching frequency
component of i

2_3 4 5.
Time (s) x 10
Fig. 75. Switching harmonic of capacitor ripple current

Also, for a better understanding, FFT of the DC link capacitor curregpt i6
plotted over a wide frequency range (upto 500kHz) after simulating a 100kHz
switching integrated A@C converter at 6kW load, which corresponds to ~8A phase

RMS current.
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Fig. 76. FFT of the DC link capacitor current4j)

As concluded from the results, the RMS value of the first switching harmonic of
DC link current could be 2.1A i.e. as high as ~28% of the phase current RMS in the
conventional agraged current control method, which matches close to our theoretical
estimation. Moreover, amplitude of the second harmonic of switching frequency is less
than 2% and other higher order harmonic amplitudes stay even below 0.5% of phase

current amplitudeas seen from the FFT of capacitor current. Therefore, it is inferred
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that the first harmonic highly dominates other higher order harmonics in terms of
spectrum strength. Theorstcasevoltage ripple ofCpoc would be decided by the
amount of its RMS currerand the switching frequency and would be governed by the
following, assuming that the maximum duty ratio of any phase could be vdrse

caseripple could arise when dC1, dB=dAA 0 and its expression is presented below.

~

i Agwn —i Ag Q Qo | Ae—— I E

i Ag—— | A@—s (7.19

Therefore, at 6kW load powehea minimumCpc required to maintain 2% voltage
ripple (of 650V DC link reference) is 200uF at 100 kHz switching frequency, which is
obtained from the following formula, derived from E@.15).

CDC = max{l &
POV

[} (7.16

If a higher voltage ripple is allowed by keeping a low€pc, the ripple amount
would be propagated to the PSFB output and hence, a bulky capacitor needs to be
implemented at the final output for its tight regulation. Therefore, it will be of
significant advantage if theHZ switching scheme can take care of lowering the ripple
current throughCpc, and hence, reduce ti@c requirement without compromising
any PFC action in phase currents, described in Section IV.
Furthermore, another objective of the control approach redqulate the output DC
voltage at a reference value and maintain the unity power factor operation of the input
phase currents. Therefore, the typical choice of the state variables in such cascaded

converter system would be the PSFB output voltage, amynput phase voltages and

any two input phase currents. However, with such selection of state variables, the
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intermediate DC link voltage will not be regulated, which potentially leaves a challenge
in the selection of voltage stress rating of the switth. conventional average current
mode controlled loop, shown in Fig.2, the PFC stage phase current references would
be generated by multiplying the DC voltage controller output with the respective phase
voltages. Typically, the voltage control looglsveloped for maintaining only the final

DC output (PSFB output in our case) at its reference level. As a result, no constraint is

imposed on the reference level of the intermediate DC link voltage.

7.2 Intermediate DC Link Capacitor Reduction Method

In order to take care of the concern of DC voltage regulation, the feedback control
is applied for both the intermediate and final DC voltages, shown ir7 Higrhe sum
of the both voltage controller outputs acts as a tcamsluctance, which is multiplied
to the PLL synchronized phase voltages and generates the phase current references.
The output of the PSFB voltage controller also acts a reference to the phase angle
difference between the diagonally opposite switches, which refers to a higher active
power & a higher phase difference. The pulse width olation (PWM) signals of the
DC-DC stage are generated using the phase angle reference and switching frequency
information.

The control objective is to develop a stable, wedjulated control system for the
integratedAC-DC converter with simultaneously minimizing the intermediate DC link
ripple current. In order to prove the stability of the proposed closed loop system, it is

required to derive the plant characteristics of the integrated stage.
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| ntegrated three-phase PFC and PSFB converter
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Fig. 7.7. The proposed control strategy for BiGk capacitor reduction

In PFC stage analyses, taking perturbation on the operating duty rddigg DeH,
Dch for A, B, C phases, respectively, the following strsignal transfer function
between phase current and intermediate DC link voltage is obtained.

Da(S) - 4DAH + DBH + DCH (7 1D
DV (9) 3sL '

The PFC output curreni;, can be formulated a&=icagtinc = (da-dc)iat+(de-
do)is+Voc/Zin. Taking Laplace transformatioon the both sides of the previous

expression and applying perturbation

relationship is obtained.

Dd,(s) _sCZ, (s)+1
DV (8)  Z, (91,

(7.18

Combining Eq. 7.17 and Eq. 7.18, the plant transfer function tveeen phase
duty and current is obtained and shown in EdL9. Considering a Pl compensator on

this plant and applying the RouHurwitz stability criterion on its characteristics
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equation, shown in Eq.7(20, the stability conditions are obtained &$>0,
Ki>KpLedC, Which gives us flexibility to choose any positilg and consequently,
selectK; to ensure stability.

4D,y + Dgy + Dgy

GAQ=EL“):Z“$“O' 3) (7.19
Dd () sL(sCZ,(s) +1)
s’L(1+5SCZ,(9)) + (k,s+k)YZ,(s) =0 (7.20

In terms of minimizingCpc, it is our aim to minimize the netost function
expressiorkicap>1=<i 0>1-<ipc>1, presented in Eq.7(21), obtained from previous
GSSA analysis. Each of these two currentdd.endipc, consist of a DC content and
different components of switching frequency and its multiples. Howevey, tbel
average component will be responsible for active power transfer to the load and the
switching frequency component is obvious to be present due to the duty modulation in
the control loop. As described in the previous section, switching frequency eentpo
has the major contribution in determining the overall value of the capacitor to maintain
a particular ripple limit. Here, the main objective is to minimize the switching
frequency harmonics with respect to the phase duty ratios of the three phtses in

PFC stage, without violating the PFC action.

Q —ioR* ioR*  —i0R‘ iR

(7.2

For the sake of simplicity of the calculation, the above expression is reduced as the
following.

Q i eRY Qi eR* Vi Op“ (7.22
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where, k,=->- 7.23
T P, rdy)z, (7:23)
i V,
kg =- -2 - be (7.29
° p p(d,+dy)Z,
" gy (7.29
C 0 .

Therefore, minimizing the first harmonic current imposes an extra constraint on the

phase duty ratios. Hower, since it is of the primary concern that the PFC action must

be maintained, any two phases (gagndC) should be controlled exactly same as the

proposed loop in Fidl.6. If the currents of these two phases maintain their individual

reference wavefons with UPF, the third current would certainly maintain the PFC

action, as the sum of the three currents has to be zero in an open neutlhdisese

AC system. This flexibility on the third phase duty ratio implies that it can be derived

subject to theanstraint of minimizing the overall DC link ripple without affecting PFC

action. In order to minimize the dutiependent capacitor curremdaf) expressed in
Eq. (7.2)), it turns out that the partial derivatives of the cost funciigg (vith respect
to daandds should be individually zero, i.6.cay W= c&/i & €0, which finally leads
to the following expressionsthe ultimate objective is to obtain an intefation

between the phase duty ratios using ER&-7.27).

i cosl,p) = vecl(da T da)P ?sf(gp); jir;gdAp) - sin@dyp)] (7.26
. cosdl.p) _ Vicl(dy +dB)ch§S§:Ip); dsir;gdAp) - sindyp)] 727

Taking the ratio of Eq.4.26 and Eq. 7.27), the following relationship betweela and

ds is obtained.
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wERR i QR el i QR I QR i Q"

i OR“ Wi " 1S (7.28
Hence, the phase 6B6 duty can be finally f
d, =d, +sin (s'“ZdAp) (7.29

This i mplies that the phase 6B06 duty wil |

which is synthesized fronthe condition of power factor correction. The inter
dependence of phase duty ratios, as expressed in/2§ (s never imposed in a
conventional PFC control and modulation technique. Therefore, the proposed approach
ensures to impose such interdependameeng the phase duty ratios by using only two
phasecurrent feedback controllers. As opposed to the conventional control strategy,
where three crossoupled phase current controllers are developed, the third phase PI
compensator is removed in our proposggroach and the third phase duty is being
derived using its interdependence with the instantaneous duty ratios of other two
phases.

In this approach, one of the major challengékhe to find out the floatingpoint
potential Van, Which plays an impdant role in the overall duty ratio function. The
method used in Section Il for determinixigy cannot be used here, as the third phase

is not controlled the same way as other two phases are Emm.the structuref

phase duty ratios for the PFC staigds clear thatA T - OEST4 G A
—:A 1T - OEST4 —. Adding these together, E..80 is obtained.
avs .

™ =(d, +d.) + Msin@ +2) (7.30
Ve 3
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I n the abdMdei sematdubait i of phasetcatral pgak e. t he
voltage to the reference DC link voltage. Performing the subtraction operation between
the same two duty ratios, the following is obtained.
Q Q Wob wé i— - (7.3))
Using the above two relatmships, Eq.4.32 derives an expression of the common

mode duty ratio independent of grid phase angle computed by PLL.

VnN _1 2 _ (dA' dc)2
- —5[(dA+dc>+JM S (7.3

It is to be remembered that the above ratio would be calculated based on the duty ratios
in the previous cyclg(n-1)") and thus, would be used in the duty ratio derivation in
6féycle. Therefore, the finalAdexa@ddecsasn ons

be recomputed using the following relationships.

VAn +V, (dA[n' 1] 3 dB[n' 1])2 (733)

3

du[n] = = :P|A+;[(dA[n-1]+dc[n-1])+\/'\/|2-

DC

(7.39

el =", =Pl +dn- Y+ cefn- D +\/M t. {04 - 1)’

where,PlanandPlcdenot e the outputs of AbhaC@®&Il 6compe
respectively.

By implementing this control strategy, it is expected that the harmonics amplitudes
of the switching frequency multiples will beduced significantly. In order to validate
this concept, the FFT spectrum of th@aeitor current at 6kW outpubpver is plotted
and it is observed that the spectrum amplitudes of second & higher order harmonic
components are reduced to 10% and everie$his confirms the reduction in RMS

current stress on the intermediate DC link capacitor. The maximum amplitude
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(<icap>1,may Of the fundamental switching frequency component can be quantified by
replacing the optimum condition afs from Eqg. .29 in the net cost function
expression in EQ.7(21), which leads to EqQ.7(35. The maximum capacitance to

maintaing Yc ripple is formulated in Eq.7(36).

2 2
< icap >1,max: \/(kAz + kZ + %) (733
< icap >1,max Ts
Coc< T DV (7.39
DC

The numerical value of the maximum ripple current through the DC link capacitor can
be determined by calculatitkg, ks andkc from the converter specifications. Thus, it is
proven that the DC link current ripple, obtained by conventional averaged eurrent
based control is not minimum, rather utilizing the flexibility on the third phase duty,
imposing an optimal constraint on it ge&zeinimum DC link current stress and hence,
requires a lower DC link capacitance.

In order to establish the stability of the overall system, the open loop Bode plot
corresponding to the loop gain of the system is shown in7Rgwhich denotes the

gaincrossover frequencys(vc and phase margin of 5 kHz and®8&spectively.
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Fig. 78. Open loop Bode plot of the proposed control loop
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The loop gain at 400Hz is 20dB, which implies that the closed loop gain at the grid
frequeng is near unity. From Sphase displacement at the grid frequency, the input
power factor stands out as 0.995. Furthermore, during the load transient, the amount of
overshoot and settling time depend on the closed loop quality factor, which is related

to the phase margin in the following way, establishe®ii. [

_+cosfy)
Q= ene) (737

From the calculated phase margin with the designed controller, the closed loop quality
factor is 0.3, which denotes a damgicoefficient of 1.67. The relationship between
settling time and the damping coefficieBi], shown in Eq.7.38), gives a 5% settling

time of 100 ps, which maintains a good agreement with the experimental results of load

transent.

t, = 4 4 (7.38

B X W MBWCX .
where, 6 is the dnasrhecurantloopcessodverdfreqeency. a n d

Furthermore, in order to theoretically validate the effectiveness of the DC link current
stress minimization approach, &Fof the intermediate DC link capacitor current i.e.

icapiS plotted in Fig.7.9.
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Fig. 79. FFT of the DC link capacitor current under the proposed control strategy
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With the proposed control, the switching harmonic peak curegluces to 0.55A as
seen from the FFT in Fig..9, which implies the RMS current to be 0.4A due to the
sinusoidal variation of switching harmonic component. This 80% reduction (from 2.1A
to 0.4A) in capacitor current ripple RMS demonstrates a significeeduced current
stress on €c. The DC link voltage ripple will also be scaled down to 20% of its
uncompensated value, as the voltage ripple is proportional to its current stress, as seen
from Eq. 7.14).

One of the important aspects to analyze is #ggilation of the PFC output voltage
during any load transient. This requires an accurate dynamics of intermediate DC
voltage during the load transient; therefore, a frequency domain voltage loop study
followed by time domia analyses is performed. Fig. @dhows the equivalent voltage
control loop of thregohase boost PFC with an equivalent l@ad i.e. the input
impedance of switching DOC converter. The DC voltage controller output (Y)
denotes the equivalent phase tranaductance, which being multiptl with phase
voltages generates the phase currents. The intermediate DC link voltage can be
expressed as the multiplication of output current and equivalent PFC output impedance
i.e. Z||1/sCoc. For simplicity at the steady state, Zan be approximatetly an
equivalent resistive loadReq from the perspective of power balancing, where
Re=VbcYP. The relationship between the PFC output voltage and DC voltage
controller output can be derived using Ef30.

. 1 3 1 1
Voc =io(Z. ] =S KVY(Z, ] )=0Y(Z |

sCyc” 2 SCoc o) (739

WhereV is the peak phaseeutral voltage anl = 3 K.V / 2
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Thus, the transfer function between PFC DC link voltage and its reference can be

determined, as shown in Eq.40.

*
Ve

»9—» kptkils > S_Eé |IRq [
Vbc

Vbe

Fig. 710. Voltage control loop for threphase PFC

b
k s+k
V.. =V.. /:Dc(p ) (7.40
DC DC b bk
s’ +s @L+K,Ry) +
q—~DC CDC

Therefore, the instantaneous DC link voltage can be expressed in terms of its reference
value, equivalent load resistance and controller parameters in the following way.
2

932' &

Voo =Voc Texp(- L)cos(| ;' - g{)t + G2 %) gin(lg2- %z)t}] (7.43
4
wherea= DplCbc, 2= b ( Ldp)AReCoc. 3= billobc.
During the load stegown, the increase in equivalent load resistance would result in
r e d u c t.jAbte instant obload rejection (i.e4 0), the maximum value of 3¢

during the overshoot at load reduction could be expressed asgoll

0§ o I AAT O — 06 —OEIrT —0 o p

— (7.42

Therefae, the maximum overshoot ofp¥ during load stefglown can be limited by

the sel ectiannd d & whibhebgoime alowkand high k respectively.
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In this design, the maximum overshoot of PFC DC voltage is restricted below 6% of
the refeence DC link voltage.

In order to validate the proposed analyses of DC bus voltage overshoot, an experiment
on 33% load reduction (from 6kW to 4kW) is conducted and the corresponding
waveform in Fig.7.11(in Section V) represents an overshoot of 15WHC DC link,

which is less than 6% of its reference level.

Furthermore, it is important to mention that the bandwidth and the stability margins of
the PFCcurrent loop do not depend on the output capacitance, rather depends only on
the boost inductancl82), as theoutput voltage is assumed constant in the current
loop analyses. However, the stability margins and bandwidth of the PFC output voltage
loop highly depends on the output capacitance. From the vidagéransfer function,

shown in Eq. 7.40), the bandwidth and phase margin can be expressed as follows.

Q — (7.43

2ﬁBWVkp

foy =90° +tan™

(7.44

In this design with 45uF intermediate capacitance and used controller parameters, the

bandwidth and phase margin of the voltage loop are 40 Hz afdré@bectively

7.3 Experimental Results

As a proofof-concept verification to the proposed control and DC link current
reduction methodologies, a hardware prototype ofeetphase boost PFC and PSFB

DC-DC converter with 6kW (continuous)/ 10kW(peak) ratisigown in Fig.7.11(a),
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is designed and testeebr distinct visualization, thewodel developechi Solidworks is

shown in Fig. 7.11b).

Output capacitors

Auxiliary power
board

EMI filter stage Control board PFC inductors

(@)

201mm
(7.91”)

327mm
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183mm
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(b)

Fig. 711. (a) Prototype of integrtad threephase PFC and PSFB EIIC staggb) Solidworks model

of RTRU

The control algorithm is implemented in a floatipgint DSP TMS320F28335.
The nominal test condition is kept at 230V phasatral RMS 400Hz AC input and

28V DC output, which is typical for avionics applications with the dpations of
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some of the regulated transformer rectifier units (RTRUS) in ral@ericairplanes
(MEA). The intermediate DC link voltage is regulated at 650V, which follows a
modulation index of 0.75. The cascaded converter is experimented under avgee r

of input voltages and load powers to validate the effectiveness of the proposed control
and DC link current reduction method. Both the PFC and PSFB converters are designed
with a list of converter spé#fications according to Tab&3, by following the important
guidelines and considerations, mentioned in the-esthblished literaturery, 181].
Synchronous rectifications (SR) are used in the secondary side switching of the PSFB
converter to minimie the conduction loss and therefore, three MOSFETS are used in

parallel to realize one secondary switch for minimizing the overall ON resistance.

Fig. 7.12shows the steady state experimental waveforms of the PFC stage with the
proposed control at 6kW IdaThe final output DC voltage and the intermediate DC
link reference are set at 28V and 650V, respectively. A set of experimental results is
collected with the conventional control using intermediate DC link capacitor of 200
UF, which gives 1% voltage e around the reference value i.e. 650V DC. The steady
state voltage and current waveforms of the PFC and PSFB stages are shown in Fig.

7.12and Fig.7.13 respectively.
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DC Link voltage

Phase ‘A’ voltage  Phase ‘A’ current Phase ‘B’ current

(@ s00A @ @ 100V @ 5004 W)
Value  Mean  Min Max Std Dev

@ RMS 9.09A  9.00 9.09 9.00 0.00 “ 0oms [1-00ms/s ‘ ‘ - s I-ZOA‘
2 J 1ok points J | D
@ RMs 654V 654 654 654 0.00
@ RVS 9.03A  9.03 9.03 9.03 0.00 (24 Dec 2015]
@ Frequency 401.6Hz 401.6  401.6  401.6  0.000 | l12:53:16

Fig. 712. V=650V, i, =ig =9.06A (RMS),V,, (RMS) =230/, P, =6kW.

out

As seen in Fig7.13 the input currents maintain power factor (PF) of 0.998 and a
THD of 4.2% at 6kW. On the other hand, the PSFB output voltage is regulated at 28V

DC a steady state phase angle shift 8f Sdown in Fig7.13

Tek Prevu
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| L |
l% k.-----Prlrnzary s R —— M

i
\inductor current (i 0 V

® /
e o
W. - s
“y ¢ L =
Vlnti, [ L oad power: 6kW LT
W soos @ @ 1000V @ i000s ) .
g Value Mean  Min Max 51d Dev, [1““ Hs J [ﬁﬂm’&' ] @ s 000 \’]
[ LUH 21434 2143 2143 2143 0.00 polnts
2 —,
@ RMS 281V 28.1 28.1 28.1 0.00 1Jul 2016
@ RMS 10714 1071 10.71 10.71 0.00 13:23:03

Fig. 713. PSFB waveforms at 6kW load powerdE 650V, Vo = 28V.

With the proposed DC link capacitor reduction algorithm using the list of design
specifications and applying the maximum ripple current expression fromL&8), (
<1% voltage ripple can be obtained using a 45 puF PFC output capacitor, which is less
than 1/4' of the PFC DC link capacitor without any compensation for maintaining the

same ripple. For a better illustration, the PFC stage waveforms using 45 {iRkDC
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capacitor vith and without the compensation strategy are shown in7Elg.and Fig.

7.15 respectively.

o/ !
Phase ‘A’ Phase ‘B’ . Phase ‘A’
voltage current . current

@ 00A V@ @ 50V NG 1008 N
Value Mean Min Max Std Dev | [1.00ms ‘ ‘| 00MS/s ‘ ‘ @ s 680V

@ ivs 261V 261 26.1 261 0.00 { D 10k points

@ s 1454 145 145 14.5

2 7 Jan 2016

@ RS 14.7A 147 147 147 0.00 16:36:03 )

Fig. 714. Voltage and current waveforms of the 6kW thpéase inverter experiment with
conventional combl: 4% DC voltage ripple with 45uF capacitance (as seen from the AC coupling

measurement of DC link voltage)

LTINS . ———————— - = < o/ 3 —
AC coupling /55V|e 1% DClinkripple

45uF DC

'apacilanu'/u\
/

voltage
Phase ‘B’ 1 Phase ‘A’
current i current

(@ to0a @@ @ 50V @ oA . DD SN I

Value  Mean  Min Max Stdpev | [1-00ms |[Losusrs (@ 7 V]
@ rs 55y 55 55 55 0.00 10k points
@ ks 19454 185 145 145 0.00 I
2 (8 Jan 2016
@ rvs 47A 147 147 137 0.00 l10:32:54

Fig. 715. Voltage and current waveforms of the 6kW thpéase inverter experiment witheth
proposed control: 1% DC voltage ripple with 45uF capacitance (as seen from the AC coupling

measurement of DC link voltage).
For a clear understanding of the high frequency ripple magnitude, the DC link
voltage measurements are taken in AC coupling mekieh shows 100 kHz AC ripple
variation around the mean DC link voltage (i.e. 650V). It shows that the proposed DC
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link current minimization strategy can reduce the DC link voltage ripple from 4% i.e.
26.1V to <1% i.e. 5.5Vat 45 uF PFC capacitance withia@ing input current THD

of 4% and PF of 0.995 for all three input phases. The experimental results with this
approach at 6kW exhibit a conversion efficiency of 98.3% for the PFC stage and 97.1%
for the PSFB stage.

In addition, the cascaded converteteisted at variable load conditions to illustrate
the effectiveness of control methodology. Under 33% overload (6kW to 8kW), it takes
100us (less than 1/%@ line cycle) to settle down to the intermediate DC link reference
voltage and phase currents, whiadicates aeasonably fast transient dynamic of the
proposed contrplas shown in Figr.16 The time taken by the DDC stage to reach
the reference output DC link voltage level i.e. 28V is 100us. The waveforms under the
load transient are shown in Fi§16 which demonstrate both the settled down voltages
Vbc andVo. The converter waveforms during 33% stEpvn in load power are shown

in Fig. 7.17, which demonstrates a <6% overshoot in the output DC voltage.

Vel Voo
Jl 1 Vo 28V output
‘_f'a'\ ff\' VAn . /T\JIA ’/T\\ VAn /’T\ “'J "\

\
& . A" k)
Load trans ent by e \/ \/
33% overload Translent occurs L oad transient by Nangant
’ 'A here 33% overload
— T sig o e o e OCCUTS here

A @
il

@ 7 70A

TN

(b)

Fig. 716. The converter waveforms under load transient from 6kW to 8kW.
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Fig. 717. The converter waveforms under load stispvn from 6kW to 4kwW

It is important to note that although the existence of even ordeatjuls in load
power under the presence of ealdier current harmonics holds true for a singase
AC system, but the AC components of load power delivered by three phases sum up to
zero due to 120mutual phase difference in a balanced tplase AC sstem.

For better understanding, based on the fast Fourier transformation (FFT), the
amplitudes of different harmonic components of input phase current after load transient
are plotted in a bachart form in Fig.7.18and compared with their individual lita

specified by DOL60F EMI standard for avionics applications.

Il DO-160F Standard limit '
0.4 [ Experimental data

Fundamental amplitude: 8.7A

Amplitude (A)

0 5 10 15 20 25
Harmonics Order

Fig. 718. FFT amplitudes of lower order grid frequency harmonics (800 FfAh@monic) to ~9kHz

(22" harmonic))

Please note that the amplitude of the fundaalex@mponent is 8.7A at 6kW load

and rated input voltage. Thus, the maximum THD of input currents of all three phases
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after the load transient is calculated from experimental data and obtained as 4.8%,
which is reasonably good. In order to achieve a gopdtipower quality, the current

loop bandwidth is kept at 5 kHz (PI coefficientg=8.008, k=1000), which offers a
reasonablattenuation to the grid frequency harmonics components of the input current
and also, maintains reasonably good transient pedoce.

The DC link capacitor (film type) takes a significant portion of both weight and
volume of the entire system. A pabart, shown in Fig7.19 is plotted for a clear
understanding about the weight contribution of different components at the cascaded
combination structure, discussed in thisrk.

Boost inductors

Heatsink

——-
u DC link capacitors

Transformer

With conventional control With the proposed DC link
® Other components rrent reduction modeling
approach

Fig. 719. The weight split of components in the cascall€dDC stage.

The reduction of the capacitor value from 200 pF to 45 uF helps lower down the weight
of the capacitor bankom 1.5 Ibs. to 0.4 Ibs., which reduces the overall weight by 1.1
Ibs. and improves the overall specific power density by 12% approximately.
Furthermore, this capacitor reduction benefits in overall volume reductionibgts0

which is about 8% of thewverall system volume. The amount of DC link capacitance
reduction through the proposed methodology is more than some of the earlier proposed
methods i.e. 50% reduction through delayed output voltage coid8§], [20-30%
reduction in 169170Q. Although ~25% reduction in DC capacitor current can be

achieved in 171 by variable DC link voltag implementation, it uses speed of the
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